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Barley is a widely grown, economically important cereal crop used for stock feed, 
malting and brewing. Fundamental understanding of the underlying genetic network 
controlling floral organ development is essential for potential modification of floral 
architecture for plant breeding. ABCDE-model MADS-box proteins are a type of 
MADS-box family transcription factors that contain a conserved 60 amino acid 
MADS-box motif and that are involved in inflorescence and flower development. In 
the dicot model Arabidopsis thaliana and in crops like rice (Oryza sativa), maize 
(Zea mays) and wheat (Triticum aestivum) most of the ABCDE-model MADS-box 
flowering genes have been identified. In barley (Hordeum vulgare) however, only a 
select number of MADS-box flowering genes have been investigated. Identifying the 
role and structure of the ABCDE-model MADS-box genes in barley floral 
development could shed a light on the evolutionary differences between barley and 
closely related crops and the development of their inflorescences and flower 
morphogenesis. In this thesis I aimed to identify the expression patterns of the 
ABCDE-model MADS-box genes in barley by qRT-PCR and in situ hybridization. 
To investigate the function of the B-class genes in barley the CRES-T dominant 
repression system, also known as SRDX, was used. Results showed that the 
expression patterns of the ABCDE MADS-box genes are conserved in barley and 
that the B-class genes have a redundant function in stamens and lodicule 
development. MADS-box transcription factors have been shown to be involved in 
abiotic stress tolerance in several different species like tomato, rice and sheepgrass. 
Abiotic stresses, particularly global warming, are the major causes of crop yield 
losses by affecting fertility and seed set. Prior to analysis of the specific impact of 
abiotic stress on the MADS-box genes, it is important to understand the effects of 
abiotic stress on barley per se. Effects of heat stress on reproductive structures and 
fertility in barley have not been extensively investigated. In this thesis the effect of 
high temperature conditions on floral development in three commercial European 
spring barley varieties during two vulnerable reproductive stages, meiosis and 
mitosis, was examined by using fertility assays, 3-dimensional modelling, cytology 
and immunolabelling. Results showed that male reproductive organs are more 
vulnerable to heat stress than female reproductive organs and that certain varieties 
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Supplemental Figure S1 Sequence alignment of A-class proteins in 
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Supplemental Figure S3 Sequence alignment of Bsister-class proteins in Arabidopsis, 





Supplemental Figure S4 Sequence alignment of C-class proteins in Arabidopsis, Amborella 
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Aims and objectives 
The ABCDE model of floral development hasn’t been extensively investigated in 
barley (Hordeum vulgare). I aimed to provide thorough, tissue-specific expression 
patterns of all the ABCDE-model MADS-box genes in barley throughout 
reproductive development by qRT-PCR. The developmental stages examined start at 
the stem elongation and the formation of the primary sporogenous cells in the 
anthers, and end at anthesis. In situ hybridization analysis was used to provide a 
more specific localisation of expression of the ABCDE-model MADS-box genes 
(Chapter 2). A functional analysis using the CRES-T dominant repression system 
focused on the B-class DEF/GLO MADS-box genes. These genes are known to be 
involved in lodicule and stamens development in other species and are therefore 
crucial for fertility of the barley florets (Chapter 3). No functional analysis has been 
carried out on these genes to date. The expression profiles and functional analysis of 
the ABCDE-model MADS-box genes were investigated to better our understanding 
of their role in the ABCDE model in barley and their evolutionary conservation or 
differences.  
MADS-box genes had been shown to be involved in abiotic stress response and 
tolerance. Prior to investigating the role of the ABCDE-model MADS-box in abiotic 
stress response in barley, I aimed to investigate the effects of heat stress on the 
reproductive development in barley (Chapter 4). Three commercial European spring 
barley varieties (Optic, Moonshine and RGT Planet) were subjected to high 
temperature conditions at two vulnerable reproductive stages: meiosis and mitosis. 
The pollen viability was investigated using potassium iodide staining and fertility 
assays were carried out on the number of mature and aborted seeds to establish the 
effects of high temperatures at meiosis or mitosis on fertility in all three varieties. 3D 
X-ray imaging was used as a non-destructive method of phenotyping combined with 
dissection of florets to visualise morphological changes in the reproductive organs. 
Immunolabeling was used to provide insight into the cellular morphological changes 
of the anthers and the ovule of heat-stressed florets. Lastly, expression of heat shock 
proteins in mitosis heat-stressed florets were compared to expression in control 
florets. I aimed to use all these results to find tolerant and/or susceptible varieties 
that could in future be used to find underlying mechanisms, of which the MADS-box 
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Introduction to Chapter 2: Expression analysis and protein-protein 
interactions of the DEF/GLO-like MADS-box genes in barley (Hordeum 
vulgare) 
 
Mapping the expression levels of genes of unknown function is a valuable tool to 
gain an initial understanding of their potential role or importance in the plant. 
Comparing these expression levels to those of orthologues identified in closely 
related species can highlight evolutionary changes and hint at potential mutations 
and divergent functions.  
Clustering expression patterns of genes that are known to work in complexes can 
also give a first indication of which potential complexes might be at play. 
 
In this chapter the expression patterns of the ABCDE MADS-box genes were 
investigated using quantitative reverse transcription PCR and In Situ Hybridization. 
Samples from different tissues at various stages were collected to be able to give an 
accurate and detailed representation of the expression of all the genes throughout 
development. For the staging, the method described by Gómez and Wilson (2012) 
was used because this methods was well known in the lab. Additional staging 
methods, like those of Zadoks et al. (1974) and Waddington et al. (1983), were used 
to have as many morphological indicators of the stages as possible. Staging proved 
difficult in certain instances; different expression levels were found between 
biological replicates for two particular stages, indicating that either a mistake was 
made during staging or that the expression level varies at different time points during 
this stage.  
 
qRT-PCR expression analysis gives a good overview of the relative expression of 
genes based on an average of technical replicates from the same cDNA and 
biological replicates, cDNA from different florets. In Situ Hybridization analysis 
provides a more specific look at where genes are expressed in the tissue and can 
indicate localised or general expression. In this chapter, only HvBM2 is investigated 
through In Situ Hybridization. Issues with the probe for HvBM4 delayed the analysis 
of that particular gene. The In Situ Hybridization analysis of HvBM16 was carried 
out by a fellow PhD student investigating this gene. HvBM16 seemed expressed in 
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the very early stages of flower development which fell outside the scope of the qRT-
PCR analysis. It was therefore decided not to include the In situ Hybridization 
Analysis of HvBM16.  
 
Protein-protein interactions of the B-class ABCDE MADS-box genes were meant to 
be investigated using Bimolecular Fluorescent Complementation. Constructs were 
made for all the B-class ABCDE MADS-box genes. Due to several persistent pests 
in the glasshouse, the tobacco plants needed to perform the experiment were unable 
to grow healthily and the experiment had to be postponed. 
 
The results in this chapter show that it is important to have many different tissues at 
many time points throughout floral development to provide an accurate overview of 
the expression levels of the ABCDE MADS-box genes. These expression patterns 
can give a good first indication of the function of the ABCDE MADS-box proteins 




















2.1.1 Expression patterns of ABCDE MADS-box genes in grasses 
The expression patterns of the ABCDE MADS-box genes have been investigated in 
crops such as rice, maize and wheat. An overview of the expression patterns across 
these economically important grasses (see Chapter 1) and other grasses such as 
Brachypodium distachyon shows an overall conservation of expression patterns with 
only a few exceptions.  An in-depth expression analysis can provide a first indication 
of the functional importance of genes. Comparison of the expression pattern of 
MADS-box genes of the ABCDE model among different plant species can provide 
hint of functional conservation and divergence. For barley, an economically 
important crop, there is no tissue-specific expression data across developmental 
stages currently available for all the classes. However, recent work indicates that the 
expression patterns of the ABCDE MADS-box genes in rice and wheat are generally 
conserved in barley during meristem development (Digel et al., 2015; Liu et al., 
2019). In this chapter the expression pattern of the ABCDE MADS-box genes in 
barley in specific tissues at different developmental stages was investigated and 
compared to that in closely related species.  
 
A-class expression in rice, maize, wheat and brachypodium 
In rice, OsMADS15 is expressed in the apical region of the floral meristem, while 
OsMADS14 is expressed in the whole floral meristem. OsMADS15 and subsequently 
OsMADS14 accumulates in the developing lemma, palea and lodicules, with 
OsMADS14 also showing expression in the primordia of the glumes (Kyozuka et al., 
2000; Pelucchi et al., 2002). OsMADS18 is expressed in roots, leaves and flowers 
except for the lodicules and sterile glumes, with expression levels increasing when 
reproductive stage is reached (Fornara et al., 2003; Masiero et al., 2002; Pelucchi et 
al., 2002). OsMADS20 is expressed in shoots and seeds (Lee et al., 2003). Maize Zea 
mays APETALA 1 (ZAP1) is expressed in male and female inflorescences and the 
husk leaves that surround the developing ear and more specifically in lemma, palea 
and lodicules in the flowers (Li et al., 2014; Mena et al., 1996). Low levels of Zea 
mays MADS-box 14 (ZMM4) and ZMM15 (OsMADS14 orthologues) expression 
were found in developing apical and lateral inflorescences and later in husk, stalk, 
mature leaf and root (Danilevskaya et al., 2008).  
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In barley, HvBM15 is strongly expressed at the awn primordium stage (Schmitz et 
al., 2000). HvBM14 and HvBM15 are expressed in all organ primordia and the 
vascular system of the barley floret, while HvBM18 is also expressed in all other 
tissues (Schmitz et al., 2000). HvBM14 shows an increase in expression during the 
induction of the reproductive phase (Fornara et al., 2004). In wheat, Wheat 
FRUITFUL 3 (WFUL3) (OsMADS18 orthologue) is expressed in the spikelet 
primordia and throughout the spikelet meristem. WFUL1 (OsMADS14 orthologue) 
and WFUL2 (OsMADS15 orthologue) are only expressed in the basal part of the 
spikelet meristem, with WFUL1 subsequently expressed in leaves at the vegetative 
phase, in young spikes and in all floral organs after floral organ development. 
WFUL2 expression is low in stamens and undetectable in pistils (Kinjo et al., 2012). 
In Brachypodium BdMADS3, 10 and 33 are expressed in the lodicule, lemma, palea, 
stamen and in the young seed (Wei et al., 2014). BdMADS31 is weakly expressed in 
the leaf.  
 
B-class expression in rice, maize, wheat, barley and brachypodium 
In rice, the APETALA 3 (AP3)-like OsMADS16 is expressed in lodicule and stamen 
primordia (Fornara et al., 2003; Moon et al., 1999; Nagasawa et al., 2003). The 
maize gene SILKY1 is expressed in the centre of the floral meristem and in lodicules 
and stamens throughout their development (Ambrose et al., 2000). In wheat, the 
homeologue WAP3/TaMADS#51 is only expressed in young spikes at the floral 
organ development stage, while the WAP3/TaMADS#82 homeologue expression is 
higher in spikes at heading stage (Hama et al., 2004). BdMADS5 in Brachypodium is 
expressed in lodicules and stamen (Wei et al., 2014).  
In rice the PISTILLATA (PI)-like genes OsMADS2 and OsMADS4 are mainly 
expressed in lodicules, stamens and carpels (Chung et al., 1995; Fornara et al., 2003; 
Kyozuka et al., 2000). The maize genes ZMM18, ZMM29 and ZMM16 are expressed 
in lodicules, stamens and carpel primordia in male and female inflorescences and 
later are restricted only to stamen and lodicules (Whipple et al., 2004). ZMM16 was 
also weakly detected in vegetative organs (Munster et al., 2001). In wheat, WPI1 
(OsMADS4 orthologue) is expressed in the primordia of the stamen and lodicules 
(Hama et al., 2004). Brachypodium BdMADS20 is strongly expressed in the 
lodicules and stamen and weakly expressed in the palea (Wei et al., 2014). 
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BdMADS16 has a similar expression pattern and is also expressed in the carpel and 
the young seed.  
 
Bsister expression in rice, maize, wheat and brachypodium 
Expression analysis in rice showed that OsMADS29 expression is restricted to 
developing seeds, while OsMADS30 is expressed throughout all organs in the plant 
(Yang et al., 2012). In maize ZMM17 is expressed in all organ primordia of the 
female spikelet, but later restricted to the ovule and the developing silk (Becker et 
al., 2002; Yang et al., 2012). WBsis is expressed in the endothelial layer of the inner 
integument of the ovule, weak expression is also detected in the nucellus and the 
outer integument (Mizzotti et al., 2012; Yamada et al., 2009; Yang et al., 2012). It 
has also been shown that Bsister gene expression might be upregulated in response to 
stress conditions (Puig et al., 2013; Schilling et al., 2019). Brachypodium has three 
Bsister genes: BdMADS17 and BdMADS23 is weakly detectable in the palea and in the 
young seed and BdMADS38 has weak expression in the stamen (Wei et al., 2014). In 
contrast to the phylogenetically closely related B-class genes the expression and 
function of the Bsister-like genes seems to be restricted to the ovule and the 
developing seed. 
 
C-class expression in rice, maize, wheat and brachypodium 
In rice, one of the C genes, OsMADS3 is strongly expressed in stamen primordia, 
while the other, OsMADS58, is expressed at a lower level uniformly throughout the 
floral meristem (Dreni et al., 2011). Later in development OsMADS3 and 
OsMADS58 are expressed in the filament and the anther wall and in the carpel and 
ovule primordia (Dreni et al., 2011). In wheat, C-class genes WAG1 and WAG2 are 
expressed in the stamen, carpel and ovule (Yamada et al., 2009). The maize gene 
ZAG1 (OsMADS58 orthologue) is expressed early in stamen and carpel primordia, 
while ZMM2 (OsMADS3 orthologue) is mainly expressed in the anthers (Schmidt et 
al., 1993) (Li et al., 2014; Mena et al., 1996). BdMADS14 in Brachypodium is 
expressed in stamen and the young seed, while BdMADS18 is expressed in stamen, 
carpel, lodicule, palea and in the young seed (Wei et al., 2014).  
 
D-class expression in rice, maize, wheat and brachypodium 
Rice D-class gene OsMADS13 is expressed in the ovule primordium and the inner 
cell layer of the carpel wall. During development it is expressed in the ovule, mainly 
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in the integuments (Lopez-Dee et al., 1999). OsMADS21 is expressed at low levels 
in the inner two whorls of the flower and it is highly expressed in developing kernels 
(Arora et al., 2007; Dreni et al., 2007). The D-class gene in wheat, WSTK, is 
expressed in pistils with strong expression in the developing ovule (Yamada et al., 
2009). TaAG-4 (closest relative to OsMADS21) has weak expression in stamens and 
very high expression in pistils (Paolacci et al., 2007). Expression of maize D-class 
gene ZAG2 is largely restricted to the developing ovules and the inner carpel face 
(Schmidt et al., 1993). In Brachypodium BdMADS2 is strongly expressed in the 
carpel, while BdMADS4 has weaker expression in the carpel (Wei et al., 2013; Wei 
et al., 2014).  
 
 
E-class expression in rice, maize, wheat, barley and brachypodium 
LOFSEP-lineage 
Expression of OsMADS1 is detected in the floral meristem during early flower 
development, and later in the palea, lemma and weakly in the carpel (Chung et al., 
1994; Kobayashi et al., 2010; Prasad et al., 2001). The expression of two maize 
homologs of OsMADS1, ZMM8 and ZMM14 was only detectable in the upper floret, 
but not in the lower floret of the developing spike (Cacharrón et al., 1995; Cacharrón 
et al., 1999). ZMM14 expression is lower than that of ZMM8 and is stronger in the 
carpels than in the other tissues (Cacharrón et al., 1999). The expression of HvBM1 
in barley is seen in the floret meristem at the distal part of the awn primordium. 
Expression is later in development detected in the lemma and palea, in the lodicules 
and the ovule, but not in the anther (Schmitz et al., 2000). The expression of the 
wheat gene WLHS1 is initially detectable in the inflorescence axis at inflorescence 
meristem initiation and later in the spikelet axis at the most proximal position 
(Shitsukawa et al., 2007). In mature flowers their expression was observed in the 
glume, lemma and palea (Shitsukawa et al., 2007). BdMADS11 in Brachypodium is 
expressed in all floral organ tissues (Wei et al., 2014). 
TaSEP-6 (OsMADS5 orthologue) in wheat is expressed in all floral organs, but at 
very high levels in glumes, lemma and palea (Paolacci et al., 2007). In 
Brachypodium, BdMADS7 is expressed in the lemma, stamen and carpel (Wei et al., 
2014). Two maize homologues of OsMADS34, ZMM24 and ZMM31 are expressed in 
early developing tassels and ears, and ZMM24 shows high expression throughout ear 
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development (Danilevskaya et al., 2008). TaSEP-5 has high expression levels at the 
early spike developmental stages and in spikes at the booting and heading stages, 
which high expression in glumes, lemma and palea (Paolacci et al., 2007).  
 
SEP3-lineage 
OsMADS7 and OsMADS8 are expressed in lodicule and stamen primordia and 
subsequently in lodicules, stamen and carpel (Kang et al., 1997; Pelucchi et al., 
2002). ZMM6 (OsMADS7 orthologue) in maize is weakly expressed in all organs of 
the upper and lower floret during the inflorescence development and strongly 
expressed in the endosperm transfer cell region and the embryo during maize kernel 
development (Cacharrón et al., 1995; Cacharrón et al., 1999; Lid et al., 2004). In 
barley, HvBM7 expression has been found in anthers, but not in the lemma or palea 
and later also in lodicules and the carpel (Schmitz et al., 2000). Wheat WSEP 
expression is detected in whorls 2, 3 and 4 in early development and subsequently 
expands into all four whorls (Shitsukawa et al., 2007). Similar to BdMADS11 in 
Brachypodium, BdMADS26 is also expressed in all the floral organ tissues (Wei et 
al., 2014).  
ZMM27 (OsMADS8 orthologue) in maize shows weak expression during 
development of the inflorescence and strong expression during maize kernel 
development (Lid et al., 2004). TaMADS1 (OsMADS8 orthologue) in wheat is 
expressed uniformly in the spikelet primordia and later confined to the carpels and 
stamens (Zhao et al., 2006). BdMADS32  in Brachypodium is not expressed in the 
lemma and palea, but is expressed in all other floral organs (Wei et al., 2014). 
 
AGL6-like expression in rice, maize and brachypodium 
OsMADS6 in rice is expressed in the floral meristem at early stages and later in the 
emerging palea primordium, the developing palea, lodicules, ovule integuments, 
carpels and weakly in the lemma (Dreni and Zhang, 2016; Li et al., 2010). 
OsMADS17 is expressed in the floral meristem and later becomes restricted to the 
lodicule primordia and is also detected in the anther wall (Reinheimer and Kellogg, 
2009). Maize ZAG3 (orthologue of OsMADS6) is expressed in both the upper and 
lower floral meristems and was later in development found in developing lodicules, 
palea, carpel and the inner integument of the ovule (Dreni and Zhang, 2016; Mena et 
al., 1995; Reinheimer and Kellogg, 2009; Thompson et al., 2009). In Brachypodium 
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BdMADS28 expression is weakly detectable in the stamen and lodicules (Wei et al., 
2014).  
 
2.1.2 Protein-protein interactions of B-class MADS-box genes in grasses 
All MADS-box transcription factors bind DNA as obligate dimers. They all 
recognise a CArG box motif (CC[A/T]6GG) (Tilly et al., 1998). Type II MADS-box 
transcription factors have three domains that are involved in protein-protein 
interactions: the I-domain, which is a short helical domain that confers dimerization 
specificity, the K-domain, a keratin-like domain that has a predicted coiled-coil 
important for tetramerization, and the C-domain, which is involved in transactivation 
and/or the recruitment of other factors (Lai et al., 2019). These domains, together 
with the diversity of them created by alternative splicing, has led to a large and 
complex protein-protein interaction (PPI) network (Lai et al., 2019). ABCDE 
MADS-box genes are well known to form tetramers, or ‘floral quartets’, to carry out 
their function (Theissen and Saedler, 2001). Tetrameric complexes made by MIKCc 
MADS-box genes, to which the ABCDE MADS-box genes belong, are plant specific 
and can bind DNA cooperatively at two sites (Jetha et al., 2014; Melzer et al., 2008). 
 
The structure of the K-domain has been well conserved throughout evolution in the 
MIKC MADS-box transcription factors, consisting of three subdomains: K1, K2 and 
K3.The K-domain folds into two α-helices (K1 and K2+K3) connected by a kink 
region (Figure 2.1) (Rümpler et al., 2018). Hydrophobic residues in the K-domain 
have been shown to be highly important for dimerization and tetramerization of 
ABCDE MADS-box transcription factors (Lai et al., 2019). Although the structure 
of the K-domain has been conserved, there is still a marked difference in the 
probability to form coiled coils between the different MADS-box transcriptions 
factors (Lai et al., 2019). SEP3, previously identified as the ‘glue’ or the ‘hub’ for 
MADS-box transcription factor complex formation, has the highest probability of 
forming coiled coils (Immink et al., 2009; Lai et al., 2019). AP1 and PI show 
medium probability, while AG and AP3 only show low probability to form coiled 
coils (Lai et al., 2019). It was hypothesised by Lai et al. (2019) that at least one 
monomer in the floral quartet must have a strong probability to form coiled coils in 
the α2 helix to be able to drive tetramerization. Even small changes in these ‘hubs’, 
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like SEP3, can lead to destabilisation of the complex or completely abolish the 
tetramerization (Rümpler et al., 2018).  
 
 
DEF- and GLO-like proteins form obligate heterodimers, which have been 
hypothesised to have originated after the gymnosperm-angiosperm split but before 
the monocot-eudicot split (Davies et al., 1996; Goto and Meyerowitz, 1994; Winter 
et al., 2002b). Yang et al. (2003) and Yang and Jack (2004) showed that leucine-
zipper motifs in the K1 and K2 helices of the K-domain were important for 
DEF/GLO heterodimerization. OsMADS16 has been shown to form heterodimers 
with OsMADS4 and OsMADS2 in rice, confirming the conservation of the 
interaction between GLO- and DEF-clade proteins in rice (Moon et al., 1999; Yao et 
al., 2008). This has previously been shown in Arabidopsis, where AP3 and PI form 
obligate heterodimers (Krizek and Meyerowitz, 1996). Whipple et al. (2004) showed 
that ZMM16 in maize also forms obligate heterodimers to bind DNA. They also 
showed that neither SILKY1, nor ZMM16 alone could bind DNA, while SILKY1 
and ZMM16 together could bind DNA, indicating that the heterodimer is necessary 
for DNA binding. 
A better understanding of the complexes that are formed between the different 
classes can help us further elucidate the workings of the model and understand the 
way these proteins function.  
 
 
Figure 2.1 Structure of the K-box domain in MIKCc MADS-box genes. 
The K-box domain in MIKCc MADS-box genes consists of three subdomains: K1, K2 and K3.The K-domain 
folds into two α-helices (α1 and α2) connected by a kink region. The α1 helix is thought to be important for 




2.2 Materials and methods 
2.2.1 Plant materials, growth conditions and sample preparation 
Hordeum vulgare cv. Golden Promise seeds were sown in Cocopeat compost in 
13cm diameter pots and grown in a controlled environment growth chamber with a 
continuous temperature of 18°C and 12 hour photoperiod. Samples were collected 
from spikes, florets and floral organs at different growth stages according to the 
staging system established by Zadoks et al. (1974), Waddington et al. (1983) and 
Gómez and Wilson (2012) and flash frozen in liquid nitrogen (Table 2.1).  
 
Stage Size of the spike Plant characteristics and reproductive developmental stage 
31 0.6 cm First node detectable on the stem.  
Primary sporogenous cells. Three cell layers surrounding the anther 
locule. 
32 0.7 - 1.6 cm Second node detectable on the stem.  
Secondary sporogenous cells to pollen mother cells. Four layers 
surrounding the anther locule: epidermis, endothecium, middle layer, 
and tapetum. 
33 2 - 3.1 cm Third node detectable on the stem.  
Pollen mother cells undergo meiosis. Tapetum layer is prominent. 
34 3.3 - 4 cm Fourth node detectable on the stem.  
Microspores released from the tetrad. Tapetum vacuolated. 
35 4.2 cm Fifth node detectable on the stem.  
Free microspores. Middle layer undergoes crushing. The prominent 
tapetum layer starts to degenerate. 
36 5.5 cm Sixth node detectable on the stem.  
Microspores become vacuolated. Tapetum degenerating. 
Stigmatic branches of the carpel are elongating. 
37 7 cm Flag leaf just visible.  
Mitosis I. Tapetum degenerating, but still present. 
Hairs on the ovary wall are just differentiating. 
LFE2 7 - 7.5 cm Last flag sheath extended 5–10 cm. Boot swelling obvious. Awns 
may be visible. Spike still inside the sheath, rachis has not started 
elongating. 
Mitosis I. Tapetum degenerating, but still present. 
Stigmatic branches and hairs on the ovary wall are elongating. 
LFE3 7.5 – 8.5 cm The last flag leaf opening and awns being clearly visible. 
Mitosis II. Binuclear pollen. 
Style and stigmatic branches erect. Stigmatic hairs differentiating. 
LFE4 8.5 - 9 cm Spike has completed its upward movement and was entirely localized 
within the last flag sheath. Heading is imminent. 
Trinuclear pollen. Septum breakage. 
Styles and stigmatic branches of the carpel are spreading. 
Table 2.1  Developmental staging and spike size for samples collected from Hordeum vulgare cv. 
Golden Promise. Explanation of the different stages collected for the expression analysis of the ABCDE 





For In situ Hybridization Analysis florets of Hordeum vulgare cv. Golden Promise 
were harvested at LFE3 stage, characterized by the last flag leaf opening and awns 
being clearly visible, and fixed in 4% (w/v) paraformaldehyde in phosphate-buffered 
saline (PBS) with 0.1% (v/v) Triton X-100 and 0.1% (v/v) Tween 20. A vacuum 
treatment of 15min was performed before leaving overnight at 4°C. Samples were 
then washed three times with 70% (v/v) EtOH for 10min each. Dehydration with an 
EtOH series of 95% (v/v) and 2x100% (v/v) was followed by a 2:1 EtOH-
HistoChoice mix overnight. Incubation in 1:1 and 1:2 mixes of EtOH and 
HistoChoice were then followed with overnight incubation in 100% HistoChoice. 
After another incubation in 100% HistoChoice a 1:1 mix of HistoChoice/Paraplast 
was added at 42°C, followed by an overnight incubation in 100% Paraplast at 56-
60°C. Paraplast was replaced twice at 56-60°C and then replaced a last time at room 
temperature and left to solidify. Samples in Paraplast blocks were stored at 4°C.  
 
2.2.2 Quantitative reverse transcription PCR (qRT-PCR) 
RNA was extracted with the SpectrumTM Plant Total RNA kit (Sigma-Aldrich, 
Germany). cDNA was synthesised from total RNA using SuperScriptTM III reverse 
transcriptase (ThermoFisher Scientific, UK) and checked for quality by RT-PCR of 
the barley housekeeping gene HvGAP. Real-time quantitative PCR was performed at 
the University of Adelaide by Dr. Neil Shirley with primers, designed by Nicolaas 
Kuijer, Dr. Laura Wilkinson and Cindy Callens, for all ABCDE MADS-box genes 
(Table 2.2) on three technical replicates and analysed using the CFX384 qPCR 
system (Bio-Rad). Expression values relative to the barley α-Tubulin gene (HvTUB), 
barley HSP70 gene (HvHSP70) and barley Cycolphilin gene (HvCyc) as control 
housekeeping genes were calculated. These genes were routinely used by Dr. Neil 
Shirley in barley and have been extensively tested. All housekeeping genes were 
expressed continuously at similar levels in all samples. Extra primers were designed 
for HvBM2 and HvBM4 due to the presence of receptor kinases on the reverse strand 
of both genes, amplifying either both genes or the receptor kinases separately (Figure 






2.2.3 Clustering analysis 
A hierarchical clustering analysis using Manhattan distance was carried out through 
the Multi Experiment Viewer (MeV) software (Tm4) on all the relative expression 
values obtained from the quantitative RT-PCR (Saeed et al.). The values were 










HvBM14 A HORVU5Hr1G095630.3 CAGCGGCGGCAGGCGAGAG CCAGGCTGGCCGCTGCAAC 
HvBM15 A HORVU2Hr1G063800.7 ATATGCCTACCGCCATGGAT ATACAGCGAACCAGCATTCC 
HvBM18 A HORVU2Hr1G069820.2 CCAGCATGATATCGCCTTG TCGAGCCAGTGGTGGATAA 
HvBM2 B HORVU3Hr1G091000.8 CCAATCTGCAGGAGGACAC TCGGCACATCATCAAGCTAC 
Receptor 
Kinase 2 
 HORVU3Hr1G090990.3 / CAACAAATCAAGATTTTCCACA 






HvBM16 B AK373398.1 TCACCACACAGACTGAAACCT TGGAGATATGCGGTGCACAAG 




HvBM30 Bsister HORVU7Hr1G108280.4 GACCAGAACAGCTTCCTTCG GCTTCCGTCCAATTTCGTCA 




HvBM3 C HORVU3Hr1G026650.1 GCAGCAGCAGCATTACTCC ACACATGCACGCGACAGTA 
HvBM58 C HORVU1Hr1G029220.1 ATCATGCAGCAGCCTCAGT GGTGTGGCCAAGCCTTAAT 
HvBM13 D HORVU1Hr1G023620.1 TCAGCTGAACCTAGGCTGC TTTGACAGGAATAGTTGAGTAC
TGGT 
HvBM21 D HORVU1Hr1G064150.2 CTCTTCACCTCGGCTACGA TCTTCACAACACGCACACG 
HvBM1 E HORVU4Hr1G067680.2 TCGTCTGCAGGTTGGATATG CAGCGTACAACGCAGCTTAG 
HvBM5 E HORVU7Hr1G025700.6 CCTGGATCACATGAACAATGA CGAAATGCGCACATGTCTAT 
HvBM7 E HORVU7Hr1G054220.1 ACCCTCCTGAGTCCCTGAA ACGAAAGTTGCACGCAAAA 
HvBM8 E HORVU5Hr1G076400.1 CTCAGGAGCAGATAAACAACG GTACGCGAACGCGGTACTA 
HvBM34 E HORVU5Hr1G095710.1 ATTTCGTGGCATGGATGTG AACACAAAAGCAGCCGAGTT 
HvBM6 AGL6 HORVU6Hr1G066140.9 ATGCTGGGGTGGGTTCTT GCCACGCAGGGTACTTCTC 































Figure 2.2 B-class genes HvBM2 and HvBM4 on the reverse strand and the presence of Receptor Kinase 
2 and 3 on the forward strand. 
The expression analysis of the B-class MADS-box genes HvBM2 and HVBM4, present on the reverse strand, 
was made difficult by the presence of receptor kinase 2 and 3, respectively, being on the forward strand. A 





2.2.4 In Situ Hybridization 
All the In Situ Hybridization work was carried out at the University of Adelaide by 
Dr. Xiujuan Yang. The probe for the B-class gene HvBM2 was amplified from a 
DNA template (From 5’-CAGGAGGACACCTAG... to 
…GAATAGTTTGTAATGACAAC-3’). The probe was transcribed from the DNA 
template for 2 hours at 37°C and then went through DNase digestion for 15-30min at 
37°C. To 50μl probe product, 9μl of 0.5M EDTA, 24μl 4M LiCl and 600μl chilled 
ethanol was added and left at -20°C overnight. The probe was then centrifuged at 
high speed for 10min and the pellet was washed with 200μl chilled ethanol. The 
probe was again centrifuged at 13.000 rpm for 10min and the supernatant was 
removed. After air drying on ice 50μl DEPC-treated water was added to dissolve the 
probe. 
  
Samples fixed and embedded in paraffin (Paraplast) were sectioned at 6-8μm 
thickness by a rotary microtome and stretched in water on glass slides at 37°C. All 
glassware used from here on was washed with water, RNAse-away and autoclaved 
before use. The slides were dewaxed with 100% HistoChoice and rehydrated with 
100% EtOH followed by 95% EtOH (v/v) and a mix of 85% EtOH (v/v) and 0.85% 
NaCl (w/v). The slides and covers were put in a glass box filled with 85% 
EtOH(v/v)/0.85% NaCl (w/v) and secured in the slide holder which was then loaded 
into the slide tray. Hybridisation was carried out using Intavis InsituPro robot 
(Intavis GmBH, Germany).  
 
2.3 Results 
2.3.1 Expression analysis of the ABCDE MADS-box genes in barley 
2.3.1.1 Relative expression of the ABCDE MADS-box genes in barley by qRT-PCR 
To investigate the expression pattern of the ABCDE MADS-box genes in barley, 
qRT-PCR was performed on different floral tissues across different developmental 
stages. The stages examined range from first node being visible on the stem and 
primary sporogenous cells being formed in the anther (stage 31), to immediately before 
anthesis when heading is imminent (stage LFE4). The relative expression values 
obtained by qRT-PCR were visualised in a heatmap (Figure 2.3). 
HvBM15 was the most abundant A-class gene in all tissues throughout development 
with the exception of the reproductive tissues (Figure 2.4.A). HvBM14 was also 
expressed throughout development with higher expression in LFE2 and LFE4. In the 
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reproductive tissues HvBM14 was the most abundantly expressed gene (Figure 
2.4.B). HvBM18 had very low expression in all tissues and throughout development.  
 
The expression analysis of the B-class MADS-box genes had the added difficulty of 
HvBM2 and HVBM4 both being on the reverse strand of two receptor kinase genes 
(Figure 2.2). A specific set of three primers was designed for these genes to 
eliminate the expression data from the receptor kinase genes (Table 2.2). One primer 
pair was designed to amplify across the stop codon of HvBM2/HvBM4 with a 
forward primer in the CDS and the reverse primer in the 3’UTR. This primer pair 
amplified both the PI-like B-class gene and the receptor kinase. The same forward 
primer was combined with a reverse primers in the receptor kinase, outside of the 
3’UTR of the PI-like B-class gene. This primer pair only amplified the receptor 
kinase. Expression levels for both these fragments could then be subtracted to obtain 
the accurate expression level of the PI-like B-class genes. This showed that HvBM2 
was the most abundantly expressed of the B-class genes and was predominantly 
expressed in stage 36-LFE4 and in the reproductive organs (Figure 2.5.A). HvBM4 is 
expressed in the reproductive organs, but not as abundantly as HvBM2. HvBM16 is 





Figure 2.3 Heat map showing relative expression of the ABCDE MADS-box genes in barley. 
Heat map of the relative expression values obtained through qRT-PCR for different tissues and stages (columns) and all the ABCDE MADS-box genes (rows). High relative 























Figure 2.4 Real-time quantitative PCR expression analysis of A-class and B-class MADS-box genes. 
(A) Relative expression analysis of A-class genes in different floral tissues, at different developmental stages (B) relative expression of the A-class genes in only the 
reproductive tissues at stage 36, LFE2 and LFE4. (C) Relative expression analysis of E-class genes in different floral tissues, at different developmental stages, (D) 




The barley Bsister genes are not highly expressed in the organs examined. They are all 
predominantly expressed in the carpel, but there is also high expression of HvBM30 
and HvBM31 in the palea and lemma and of HvBM30 in the awns and stamen 
(Figure 2.5.B). Sequencing of HvBM30 amplified from compiled cDNA from 
different tissues and different stages shows several different isoforms of the gene 
were recovered. These aberrant forms might have been picked up in the qPCR. 
 
Expression of the C-class MADS-box genes is detected in the carpel when the 
stigmatic branches of the carpel are elongating and gets stronger in the later stages, 
peaking immediately before anthesis (Figure 2.5.C). HvBM58 is the most abundantly 
expressed, with HvBM3 barely showing any expression. 
The D-class MADS-box genes are expressed in the carpel in later stages of 
development, when the stigmatic branches and hairs on the ovary wall are elongating 
(LFE2) and when the styles and stigmatic branches start spreading (LFE4) (Figure 
2.5.D). HvBM13 is most abundantly expressed, while HvBM21 only has low 
expression. 
 
HvBM1 is the most abundantly expressed E-class gene and is expressed throughout 
development and in all tissues (Figure 2.4.C). However, in the reproductive tissues, 
HvBM7, HvBM8 and HvBM6 have a higher expression level than HvBM1 (Figure 
2.4.D and Figure 2.6.A). HvBM5 and HvBM34 are barely expressed in any tissues 
throughout development. 
 
A large difference was noticed between gene expression in biological replicates in 
the later stages (LFE2 and LFE4). The spikes of the biological replicates for LFE2 
measured 7cm (LFE2_1) and 7.5cm (LFE2_2). These samples will be at different 
stages of mitosis I of the pollen development and during elongation of the stigmatic 
branches and hairs on the ovary wall. The length of the spikes of the biological 
replicates of LFE4 measured 8.5cm (LFE4_1) and 9cm (LFE4_2). These samples 
were collected immediately before anthesis and will be at the last stages of pollen 
development, where trinuclear pollen is present. Comparing the relative expression 
levels of certain genes in the reproductive tissues, awns and palea/lemma between 




 Figure 2.5 Real-time quantitative PCR expression analysis of B-class, Bsister-like, C-class and D-class MADS-box genes. 





Figure 2.6 Real-time quantitative PCR expression analysis of AGL6-like MADS-box genes and changes in expression between biological 
replicates in stages LFE2 and LFE4. 
Relative expression analysis of AGL6-like genes (A) in different floral tissues, at different developmental stages. Differences between biological 
replicates in LFE2 and LFE4 in the carpel(B), in LFE4 in the stamen (C) and in LFE2 and LFE4 in awns and palea/lemma (D), indicated that the 
exact staging at these developmental points in time were more difficult. Graphs B, C and D show the results of three technical replicates: three 




Genes specific to reproductive tissues are down-regulated in the carpel between 
beginning and end of LFE2 and LFE4 and up-regulated in the stamen between 
beginning and end of LFE4. In awns and palea/lemma the prominent A- and E-class 
genes are down-regulated between beginning and end of LFE2. 
 
2.3.1.2 Clustering of expression patterns 
Hierarchical clustering analysis highlights various clusters of genes that are highly 
expressed in different tissues of the floret at different stages (Figure 2.7). HvBM34 is 
expressed early in development in the rachis and florets at stage 34 and in the rachis 
at stage 35. In the palea and lemma at stage 36 a cluster with HvBM31 and HvBM5 is 
formed. A first big cluster can be seen in the rachis of stage 36 with HvBM14, 
HvBM15, HvBM18 and HvBM1, A- and E-class genes. Early carpel development, 
when the stigmatic branches start elongating (stage 36), is dominated by a cluster of 
B-class and Bsister genes: HvBM2, HvBM16, HvBM29 and HvBM30. Later carpel 
development, when the stigmatic branches and hairs on the ovary wall are elongating 
(stage LFE2), shows a shift towards A-, C-, D-, E-class and AGL6-like genes: 
HvBM14, HvBM3, HvBM58, HvBM13, HvBM21, HvBM7, HvBM8 and HvBM6. In 
LFE4 the B-class gene HvBM4 is added to that cluster. In the stamen at stage LFE4, 
at the last stages of pollen development and the spreading of the styles and stigmatic 
branches in the carpel, there is a cluster of B- and Bsister gene expression: HvBM2, 
HvBM16 and HvBM30. The awns in LFE2 have a cluster of the highest expression of 
A- and E-class genes. 
 
2.3.1.3 In Situ Hybridization analysis of the DEF/GLO-like MADS-box genes 
The mRNA in situ hybridization results show signal of the HvBM2 transcript in the 
ovule, the carpel and in the anther wall and filament at stage LFE3 (Figure 16). The 










Figure 2.7 Heat map showing hierarchical clustering of the relative expression values of the ABCDE MADS-box genes in barley. 
A hierarchical clustering analysis using Manhattan distance was carried out through the Multi Experiment Viewer (MeV) software (Tm4) on all the relative expression values obtained 
from the quantitative RT-PCR. The values were normalised to the highest expression value for each gene, giving an indication of which tissues and stages have the highest expression 

























We have carried out a tissue-specific expression analysis throughout a wide range of 
developmental stages in Hordeum vulgare cv. Golden Promise to generate an 
overview of the expression patterns of all the ABCDE MADS-box genes in barley 
(Figure 2.3). 
  
The results for the A-class genes are similar to those reported in barley by Schmitz et 
al. (2000). HvBM15 is the most abundantly expressed gene of all the classes, 
showing expression in all stages of development and in all tissues except the 
reproductive tissues. HvBM14 is the most abundant A-class gene in the reproductive 
tissues, indicating a possible role for HvBM14 in carpel and stamens development, 
while HvBM15 is more likely to be involved in development of palea, lemma, rachis 
and awns. This corresponds to what has previously been reported in rice and wheat 
(Kinjo et al., 2012; Kyozuka et al., 2000; Pelucchi et al., 2002).  
 
The expression analysis of the B-class genes HvBM2 and HvBM4 was made difficult 
by the presence of receptor kinase 2 and 3, respectively, on the reverse strands of 
both genes. An extra primer pair was designed to extract the relative expression 
values derived from the receptor kinases from the overall relative expression values 
detected. However, this proved to be quite difficult and not entirely accurate because 
of discrepancies of values detected for both genes compared to only the receptor 
Figure 2.8 mRNA in situ hybridization of the HvBM2 transcript 
In florets of Hordeum vulgare cv. Golden Promise at stage LFE3 the mRNA in situ hybridization results show 
some signal of the HvBM2 transcript in the ovule, the carpel and in the anther wall and filament. The sense probe 
shows that there is some background signal in the anther walls and in the pollen. (aw = anther wall, pl = pollen, 




kinase gene in certain tissues. Expression analysis of the receptor kinases showed 
that they are not expressed in the reproductive tissues, meaning that the qPCR results 
are likely to reflect specific amplification of HvBM2 and HvBM4. Specific 
expression in the carpel and the stamen was detected for these two genes, which 
corresponds to the expression patterns found in rice (Chung et al., 1995; Fornara et 
al., 2003; Kyozuka et al., 2000). The in situ hybridization results show that HvBM2 
expression is more specifically located in the carpel and the anther wall and 
filaments. These results might indicate a function for HvBM2 and HvBM4 in stamen 
and carpel development. HvBM16 shows low expression compared to the PI-like 
genes, which might indicate a function in a specific part of the stamen and carpel 
function that might be revealed by in situ hybridization.  
 
The Bsister genes in barley are overall not highly expressed. They are most abundant 
in the carpel and two, HvBM30 and HvBM31, also show expression in palea/lemma 
and in the awns, which is consistent with rice and wheat (Mizzotti et al., 2012; 
Yamada et al., 2009; Yang et al., 2012). Bsister genes have been shown in other 
species to be involved in seed development and the low expression observed here 
might be an indication of a more important role in the seed, at a developmental stage 
not included in the sample set collected for this expression analysis.  
 
The C-class genes HvBM3 and HvBM58 are only expressed in the carpel and late in 
development also in the stamen. This is similar to what previously has been 
described in rice and wheat (Dreni et al., 2011; Yamada et al., 2009). HvBM58 is 
significantly more abundant than HvBM3 which might indicate that HvBM3 doesn’t 
play a dominant role in carpel and stamens morphogenesis. Similar to rice, HvBM3 
might be involved in slightly different floral developmental processes at different 
stages due to sub-functionalization of the genes after gene duplication (Yamaguchi et 
al., 2006). Knock-out mutants of HvBM3 and HvBM58 separately compared to a 
double knock-out of HvBM3 and HvBM58 combined with in situ hybridization 
analysis of both genes in early and later stages of development might help validate 
this hypothesis. 
 
Similarly, the D-class genes HvBM13 and HvBM21 are only expressed in the carpel, 
more or less corresponding to the expression patterns of D-class genes in rice, maize 
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and wheat (Arora et al., 2007; Dreni et al., 2007; Lopez-Dee et al., 1999; Paolacci et 
al., 2007; Schmidt et al., 1993; Yamada et al., 2009). Low expression of HvBM21 
during these developmental stages might indicate that, like OsMADS21, HvBM21 
plays a more important role in developing seeds.  
 
Expression analysis of the E-class genes in barley shows that HvBM1 is the most 
abundant gene, expressed in all tissues across developmental stages, except for the 
reproductive tissues where it is absent in the stamen and only has low expression in 
the carpel. This corresponds to earlier reported data (Schmitz et al., 2000). This 
might indicate that HvBM1 is involved in development of the outer whorls. HvBM7 
and HvBM8 might play a more important role in reproductive development, shown 
by their abundant expression in the carpel and to a lesser degree in the stamen. 
Similarly HvBM6 is most abundantly expressed in the carpel, indicating a role in 
reproductive development. This corresponds to the results found in rice and maize 
(Dreni and Zhang, 2016; Li et al., 2010; Mena et al., 1995; Reinheimer and Kellogg, 
2009). 
 
Comparing the hierarchical clustering analysis and the relative expression values 
obtained by qRT-PCR potential interacting ABCDE MADS-box proteins in specific 
tissues at different developmental stages can be hypothesised (Figure 2.9). The 
developmental stages deemed to have the most significant expression patterns range 
from tapetum degeneration in the anthers and elongating styles with stigmatic 
branches just differentiating in the carpel (stage 35), to anthesis (stage LFE4). 
HvBM1 could potentially be a hub protein as was described for SEP3 in 
Arabidopsis, because of its prominent expression throughout the developmental 
stages investigated here and in all the different floral tissues (Immink et al., 2009). 
Together with HvBM1, HvBM15 is expressed highly in all tissues throughout the 
developmental stages presented here, except for the carpel and the stamens. It is 
likely that a HvBM1-HvBM15 heterodimer acts as a hub for tetramers involved in 
the development of all tissues except for the carpel and the stamens. In the carpel at 
stage 36, when the stigmatic branches start elongating, HvBM2, HvBM1, HvBM7, 
HvBM58 and HvBM13 are likely involved in carpel development. In the carpel at 
stage LFE2, when the stigmatic branches and the hairs on the ovary are elongating, 
HvBM1, HvBM14, HvBM7, HvBM58, HvBM13, HvBM8, HvBM6 and HvBM21 
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are found to be potentially involved in carpel development. The same combination of 
the genes is found in the carpel at stage LFE4, when the styles and stigmatic 
branches are spreading, with the exception of HvBM14. It is likely that different 
complexes are formed out of these proteins to determine and/or develop different 
parts of the carpel: ovule, ovary, styles and the stigmatic branches, at these three 
different stages. In the stamens at stage LFE4, when trinuclear pollen is formed and 
the septum is about to break, only HvBM2 is highly expressed. Although HvBM16 
and HvBM30 have high expression in the stamens at this stage, their relative 
expression is significantly lower than that of HvBM2 and they therefore might not 





Figure 2.9 Schematic overview of potential interacting ABCDE MADS-box proteins in development of floral tissues at different developmental stages. 
Based on the relative expression values obtained by qRT-PCR and the hierarchical clustering analysis potential interacting partners of the ABCDE MADS-box proteins were 
schematically represented in floral tissues at developmental stages ranging from tapetum degeneration in the anthers and the presence of the style primordia on the carpel 
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Introduction to Chapter 3: Functional analysis of the DEF/GLO-like 
MADS-box genes in barley (Hordeum vulgare) 
 
To better understand the function of the DEF/GLO-like MADS-box genes two 
approaches were considered: the Chimeric Repressor Silencing technology (CRES-
T) and the CRISPR/Cas9 approach. The CRES-T system is presented in this chapter 
and uses an EAR-motif repression domain, also known as SRDX, attached to the 
gene of interest to transform the transcription factor into a repressor (Fig 3). It is a 
relatively easy system and can show phenotypes in the first generation of 
transformed plants due to the overexpression of the constructs. However, varying 
expression of the constructs contributes to a wide variety of phenotypes with low 
expression of the constructs showing no or a minor phenotype. MADS-box genes are 
also known to work in complexes and their C-domain can mediate both activation 
and repression of target genes dependent on the complexes formed. These factors 
should all be taken into account when making conclusions based on the observed 
phenotypes. 
 
Single dominant repression constructs for the CRES-T system were made for all the 
B-class genes (HvBM2, HvBM4 and HvBM16) as well as the Bsister-like genes 
(HvBM29, HvBM30, HvBM31). Triple constructs for the CRISPR/Cas9 approach 
were made with three different targets for all three B-class genes. Due to a lack of 
time it was decided to only generate transgenic lines with the dominant repression 
constructs for the B-class genes. Transformations with the CRISPR/Cas9 constructs 
did not lead to any transgenic plants and lack of time meant a second round of barley 
embryo transformations was not possible.  
 
Barley embryos were inoculated with Agrobacterium tumefaciens containing either 
one of the dominant repression constructs, a combination of two of the constructs, or 
all three of the constructs. Genotyping revealed that all transformations with a single 
constructs and some with a combination of two constructs were successful. No 
transgenic plants containing all three constructs were identified.  
As control, florets from wild type Hordeum vulgare var. Golden Promise were 
grown from seeds because tissue culture of wild type plants was not successful. 
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Control florets were always at the same stage as the florets examined from the 
CRES-T transgenic plants.  
 
The CRES-T system resulted in a variety of phenotypes due to different levels op 
expression of the constructs. The resulting phenotypes were largely as expected with 
some additional, new phenotypes. More generations of the transgenic plants are 
needed to confirm the results and crosses between the plants will provide transgenic 
plants with all three dominant repression constructs (HvBM2, HvBM4 and HvBM16). 
Other methods like CRISPR/Cas9 need to be considered to have stable knock-out 
mutants of the three genes separately and in combination.  
 
 
Figure 3 Schematic representation of the SRDX mode of action. An EAR-motif repression domain is 
attached to the gene of interest and placed under a ubiquitin promotor. MADS-box transcription factors 









In Arabidopsis, it has been shown that the B-class genes determine the identity of 
petals and stamens (Fornara et al., 2003). The B-class genes are thought to have split 
from the Bsister-like genes following a gene duplication event after the 
diversifications of ferns, but before the divergence between gymnosperms and 
angiosperms (Becker et al., 2002; Gioppato and Dornelas, 2019; Goremykin et al., 
1997; Münster et al., 1997; Theissen et al., 2000). The B-class clade has two 
lineages: the DEF-like lineage (AP3-like proteins) and the GLO-like lineage (PI-like 
proteins), that are the result of another gene duplication event close to the base of the 
crown group angiosperms between 260 and 290 MYA (Becker and Theissen, 2003; 
Hernández-Hernández et al., 2006; Kim et al., 2004; Winter et al., 2002a; Zahn et 
al., 2005). The B-class genes have been hypothesised to be involved in the 
morphological diversification of angiosperm flower morphologies, more specifically 
the perianth (Gioppato and Dornelas, 2019; Irish, 2017; Theißen et al., 2016).  
 
In Arabidopsis, mutants of the B-class genes PI and AP3, have sepals in the second 
whorl and carpeloid organs or carpels instead of stamens (Bowman et al., 1989, 
1991; Hill and Lord, 1989; Jack et al., 1992). Ectopic expression of AP3 leads to 
partial conversion of carpels to stamens and expression of PI in the fourth whorl 
(Jack et al., 1994). Ectopic expression of both AP3 and PI results in flowers with 
petals in whorl one and two, and stamens in whorls three and four (Krizek and 
Meyerowitz, 1996).  Depending on the specific whorl, AP3 has also been shown to 
differentially regulate the production of intercellular signals (Jenik and Irish, 2001).  
The loss-of-function mutants of the AP3-like OsMADS16 in rice, known as spw1 
(superwoman1), and SILKY1 in maize show the homeotic transformation of stamens 
into carpels and lodicules into palea-like organs (Ambrose et al., 2000; Nagasawa et 
al., 2003). These results suggest that OsMADS16 and SILKY1 are well conserved 
between rice, maize and Arabidopsis (Yamaguchi and Hirano, 2006). RNAi knock-
down lines of the PI-like OsMADS2 in rice showed continued growth of the distal 
region of the lodicules forming an elongated bract-like structure, but no apparent 
changes in stamen shape (Yadav et al., 2007; Yao et al., 2008; Yoshida et al., 2007). 
RNAi lines of OsMADS4 showed no phenotypic alterations (Yao et al., 2008; 
Yoshida et al., 2007). In the double knock-down mutants of OsMADS2 and 
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OsMADS4 the stamens were transformed into carpel-like organs and the lodicules 
showed a complete homeotic conversion to bract-like organs (Yao et al., 2008; 
Yoshida et al., 2007). The alloplasmic wheat with a deficiency of WPI1, the 
OsMADS4 orthologue, showed pistillody, the change of stamens into pistil-like 
structures (Hama et al., 2004).  
 
To date, a functional analysis of the B-class genes in barley has not been carried out. 
In this chapter we use the chimeric repressor silencing technology (CRES-T) system 
to investigate the function of the PI-like B-class genes HvBM2 and HvBM4, and the 
AP3-like B-class gene HvBM16 by attaching the plant-specific EAR (ERF-
associated amphiphilic repression) motif repression domain (SRDX), which lends 
repressor activity to transcription factors (Ohta et al., 2001). The EAR motif was 
initially identified in class II ERFs and TFIIIA-type zinc finger proteins. In these 
proteins it has a consensus sequence of (L/F)DLN(L/F)xP (Ohta et al., 2001). 
Phylogenetic analysis showed that the EAR motif is conserved in a lot of species and 
is in fact the predominant form of transcriptional repression motif in plants identified 
to date (Kagale and Rozwadowski, 2011). The consensus sequence of the EAR motif 
across species is either LxLxL or DLNxxP (Kagale and Rozwadowski, 2011). The 
EAR motif facilitates epigenetic regulation of gene expression by recruiting 
chromatin remodelling factors and co-repressors (Kagale and Rozwadowski, 2011). 
In previous studies, chimeric repressor with an SRDX domain was shown to 
suppress expression of target genes even when there was a redundant transcription 
factor present (Hiratsu et al., 2003). The phenotypes that were obtained using the 
CRES-T system were similar to those of a loss-of-function allele (Hiratsu et al., 
2003).  
 
3.2 Materials and methods 
3.2.1 Design of SRDX pBract214 dominant repression constructs 
SRDX dominant repression lines were created for the B-class (HvBM2, HvBM4 and 
HvBM16) in barley (Hordeum vulgare cv. Golden promise). Accurate sequences 
were identified based on the extensive phylogenetic analysis shown in Figure 1.4. 
Identifiers for these sequences can be found in Table 2. Primers were designed to 
amplify the complete CDS sequence of the genes. An additional reverse primer with 
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 the SRDX sequence (5’-
AGCGAAACCCAAACGGAGTTCTAGATCCAGATCCAG-3’) was designed to 
add the SRDX sequence to the CDS of the gene (Table 4).  
 
Gene Forward primer Reverse primers 
without stopcodon 
Reverse primers with 
SRDX 
HvBM2 ATG GGG CGC GGG AAG 
ATC 
 
GGT GTC CTC CTG CAG 
AT 
 
CTA –SRDX- GGT GTC CTC 
CTG CAG AT 
HvBM4 ATG GGG CGC GGC AAG 
AT 
 
CTT GTC TTC CTG CAA 
GT 
 
CTA –SRDX- CTT GTC TTC 
CTG CAA GT 
HvBM16 ATG GGG CGG GGG AAG 
AT 
 
TCC GAG GCG CAG GTG 
 
TTA –SRDX- TCC GAG GCG 
CAG GTG 
Table 3.1 Primers used for the design of HvBM2, HvBM4 and HvBM16 SRDX dominant 
repression constructs.  
 
The complete CDS sequence of both genes was amplified from floret cDNA of 
relevant growth stages. Using a nested PCR, the SRDX sequence with a stop codon 
was attached to the 3’ end of the CDS sequence without stop codon, and loaded on a 
0.8% (w/v) agarose gel to verify the size. The DNA was then extracted from the gel 
using the Wizard® SV Gel and PCR Clean Up System (Promega, UK). The 
construct was introduced into the pCR8GW TOPO TA vector and transformed in 
Dh5α E.coli competent cells. Positive colonies were identified by sequencing. Using 
Gateway cloning the constructs were then introduced in the pBract214 vector (John 
Innes Centre, Norwich, UK), which contains a CaMV pUBI promoter. Positive 
constructs were transformed into AGL1 Agrobacterium tumefaciens together with 
the pSOUP vector.  
 
3.2.2 Agrobacterium-mediated barley transformation 
Agrobacterium-mediated transformation was carried out following the protocol as 
described by Harwood et al. (2009). Seeds from Hordeum vulgare cv. Golden 
Promise with immature embryos of 1.5-2mm in diameter were removed from the 
spike and sterilised by washing with 70% (v/v) ethanol for 30 seconds followed by 
three washes in sterile distilled water. The seeds were then further sterilised in a 
solution of sodium hypochlorite diluted 50:50 with water for four minutes. Lastly, 
the seeds were washed four times with sterile distilled water.  
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The immature embryos were removed from the sterilised seed in a laminar flow 
hood under sterile conditions. The embryos were then plated scutellem side up on 
callus induction medium and stored overnight at 23-24°C in the dark.  
 
Agrobacterium cultures were prepared by adding a standard inoculum to 10mL of 
LB medium without antibiotics. This was incubated on a shaker at 180rpm at 28°C 
overnight. The culture was then used to inoculate the embryos by dropping a small 
amount of Agrobacterium onto each embryo. The embryos were gently removed 
from the plates and transferred to a fresh callus induction plate, scutellum side down. 
Plates were sealed with MicroporeTM surgical tape and incubated at 23-24°C for 
three days. 
The embryos were then transferred to fresh callus induction plates containing 
50μg/ml (w/v) hygromycin (Roche) as the selective agent and 160 μg/ml (w/v) 
timentin (Duchefa) to remove Agrobacterium from the cultures. The plates were 
sealed with MicroporeTM surgical tape and incubated at 23-24°C in the dark for two 
weeks. This selection step was repeated two more times. After six weeks of 
selection, the embryo-derived callus was transferred to transition medium containing 
hygromycin and timentin and incubated at 24°C at low light (75 μmol.m-2.s-1) for 
two weeks. The callus was then transferred to regeneration medium containing 
hygromycin and timentin. Once shoots were 2-3 cm in length and roots had formed, 
the plantlets were removed from the plates and transferred to glass culture tubes 
containing 12mL of callus induction medium containing hygromycin and timentin. 
Once rooted plants reached the top of the tubes, they were transferred to John Innes 
N°3 soil.  
 
3.2.3 Plant materials and growth conditions 
Plants were grown in controlled environment chamber with a constant temperature 
of 16°C and 16 hour photoperiod. Leaf samples were collected and flash frozen for 
genotyping. Florets were collected at the LFE3 stage before full heading and flash 
frozen for RNA extraction or fixed in 4% paraformaldehyde (w/v) in phosphate-





gDNA was extracted from leaf tissue of all lines with the Isolate II Genomic DNA 
Kit (Bioline, UK). Presence of the SRDX constructs was verified by RT-PCR with 
specific primers for the gene, the SRDX construct and the vector (Table 5).  
 















Table 3.2 Primers designed for genotyping of the HvBM2, HvBM4 and HvBM16 SRDX 
pBract214 constructs in transformed barley plants. 
 
3.2.5 Phenotyping 
Three florets were collected from each line that was positively genotyped for the 
SRDX constructs and from control plants at stage LFE3-LFE4 and dissected. Images 
were taken using a Zeiss Stemi SV6 microscope and a Axiocam ERc Rev 2.0 
camera. 
 
3.2.6 Pollen viability assay with Fluorescein Diacetate (FDA) stain 
Fluorescein diacetate (FDA) is an apolar and non-fluorescent molecule that can 
penetrate cells. Within the pollen grain it can be hydrolysed by pollen esterases 
which yields fluorescein. Fluorescein appears fluorescent in blue light. When the cell 
membrane is intact and the pollen is viable, the fluorescein will accumulate within 
the pollen grain (Li, 2011).  
1μl of FDA stock solution (2mg FDA in 1ml acetone) was added to 1ml of BK 
buffer S15 MOPS (7.5g sucrose, 5ml 100mM MOPS pH7.5, 6.35μl 1M Ca(NO3)2, 
4.05μl 1M MgSO4, 5 μl 1M KNO3). A few drops of the FDA-buffer mixture were 
added to a slide with pollen grains and pollen viability was observed with the Leica 
DM5000B microscope in blue light (wavelength = 495nm). Images were taken with 
the Leica DFC420 C camera. 
 
3.2.7 Embedding and sectioning 
Florets fixed in 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS) with 
0.1% (v/v) Triton X-100 and 0.1% (v/v) Tween 20 were dehydrated with an ethanol 
series (30%, 50%, 70% and 100% (v/v)) and propylene oxide (TAAB, 50% and 
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100% (v/v)). The florets were then pre-infiltrated with a 1:1 mixture of 100% 
propylene oxide and Spurr resin (TAAB) and  infiltrated overnight at 4°C with pure 
Spurr resin and embedded in moulds at 70-75°C.  
Floret were sectioned using the Microtome and sections (5 μm) were mounted on 
slides at 42°C and stained with x% (w/v) toluidine blue in x (w/v).  
 
3.2.8 Quantitative reverse transcription (qRT) PCR 
Expression levels of the SRDX pBract214 construct were determined by real-time 
quantitative reverse transcription PCR using specific primers (Table 5).  
RNA was extracted with the RNeasy Plant Mini Kit (QIAGEN, UK). cDNA was 
synthesised from total RNA using SuperScriptTM IV reverse transcriptase 
(ThermoFisher Scientific, UK) and checked for quality through RT-PCR of the 
barley housekeeping gene HvTUB. Real-time quantitative PCR was performed on 
three technical replicates and analysed using the LightCycler® 480 (Roche Life 
Science, UK). Expression values relative to the barley α-Tubulin gene (HvTUB) 
were calculated.  
 
3.2.9 Evaluation of sterility in barley transformants expressing pUBI:HvBM2-SRDX 
All tillers from four different lines expression the pUBI:HvBM2-SRDX construct 
were harvested (Lines 2, 3, 7 and 8). For every spike the number of total spikelets 
and the number of spikelets that developed into seeds were counted. The percentage 
of “sterility per tiller” was calculated by dividing the number of seeds by the total 
number of spikelets and multiplying by 100.  
 
3.3 Results 
3.3.1 Barley transformants expressing pUBI:HvBM2-SRDX 
A total of 40 embryos were extracted from immature Golden Promise seeds and 
inoculated with the Agrobacterium inoculum containing the pBract214 
pUBI:HvBM2-SRDX construct and the helper plasmid pSOUP. After tissue culture 
nine lines were transferred to pots. Genotyping confirmed that all lines contained the 
pUBI:HvBM2-SRDX construct.  
Three lines showed varying degrees of changes in stamen and lodicule development. 
Stamens showed partial conversion to carpel-like structures, exhibiting stigma-like 
trichomes (Figure 3.1). Lodicules were elongated and showed partial conversion to a 
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palea-like structure. The anthers of the lines showing a phenotype contain no or very 
little viable pollen and showed therefore extreme sterility (Figure 3.2).  
Lines exhibiting a fertility phenotype (Lines 2, 3 and 8) had  little to no seeds 
compared to transformed lines that didn’t exhibit a phenotype (Line 7) (Figure 3.3). 
Florets that did get fertilised in lines 2, 3 and 8 had aborted seeds, which were 
counted as sterile florets.  
 
3.3.2 Barley transformants expressing pUBI:HvBM4-SRDX 
A total of 40 embryos were extracted from immature Golden Promise seeds and 
inoculated with the Agrobacterium inoculum containing the pBract214 
pUBI:HvBM4-SRDX construct and the helper plasmid pSOUP. After tissue culture 
seven lines were transferred to pots. Genotyping confirmed that all lines examined 
contained the pUBI:HvBM4-SRDX construct.  
One line showed a conversion of stamens to carpeloid structures and lodicules to 
small bract-like structures without trichomes (Figure 3.4). The stamen did not 
contain any pollen. The carpel was small and underdeveloped showing only limited 














Figure 3.1 Phenotype of carpel, stamens and lodicules in barley transformants expressing 
pUBI:HvBM2-SRDX (Line 2) compared to control florets. 
Carpels, stamens and lodicules dissected from florets from barley transformants expressing 
pUBI:HvBM2-SRDX and control florets. In florets expressing the pUBI:HvBM2-SRDX construct 
stamens showed partial conversion to carpel-like structures, exhibiting stigma-like trichomes. 












Figure 3.2 Pollen viability of barley transformants expression pUBI:HvBM2-SRDX, 
pUBI:HvBM4-SRDX or pUBI:HvBM16-SRDX compared to control 
Pollen viability in mature anthers of barley transformants was visualised using Fluorescein 
Diacetate (FDA) stain. Viable pollen accumulates fluorescein and will show fluorescence. Non-
viable pollen has no fluorescence. Low numbers of pollen reflect the lack of pollen in the mature 





Figure 3.3 Sterility in barley transformants expressing pUBI:HvBM2-SRDX 
Percentage of sterility was calculated for all tillers for four barley transformant lines expressing the 
HvBM2-SRDX construct. Line 7 showed no phenotype, while line 2, line 3 and line 8 showed 
varying degrees of phenotype. Kruskal-Wallis test was used to determine significance of 







Figure 3.4 Phenotype of carpel, stamens and lodicules in barley transformants expressing 
pUBI:HvBM4-SRDX compared to control florets. 
Carpels, stamens and lodicules dissected from florets from barley transformants expressing 
pUBI:HvBM4-SRDX and control florets. The most severe phenotype was found in these florets. 
There was a conversion of stamens to carpeloid structures and lodicules to small bract-like 
structures without trichomes. The carpel was small and underdeveloped showing only limited 






3.3.3 Barley transformants expressing pUBI:HvBM16-SRDX 
A total of 40 embryos were extracted from immature Golden Promise seeds and 
inoculated with the Agrobacterium inoculum containing the pBract214 
pUBI:HvBM16-SRDX construct and the helper plasmid pSOUP. After tissue culture 
four lines were transferred to pots, but only three lines survived. No phenotype was 
discovered in any of the three lines expressing the pUBI:HvBM16-SRDX pBract214 
construct (Figure 3.5). All the pollen was viable and fully developed (Figure 3.2).  
 
3.3.4 Embryos transformed with pUBI:HvBM2-SRDX, pUBI:HvBM4-SRDX and 
pUBI:HvBM16-SRDX 
A total of 50 embryos were extracted from immature Golden Promise seeds and 
inoculated with the Agrobacterium inoculum containing the pBract214 
pUBI:HvBM2-SRDX, pUBI:HvBM4-SRDX and pUBI:HvBM16-SRDX constructs and 
the helper plasmid pSOUP. After tissue culture twenty lines were transferred to pots. 
All twenty lines contained a combination of two B-class MADS-box SRDX 
constructs, but never all three constructs. Six lines containing a combination of either 
pUBI:HvBM2-SRDX or pUBI:HvBM4-SRDX with pUBI:HvBM16-SRDX showed a 
phenotype. 
 
3.3.4.1 Barley transformants expressing pUBI:HvBM2-SRDX and pUBI:HvBM16-
SRDX 
Two lines were confirmed to express the pUBI:HvBM2-SRDX and the 
pUBI:HvBM16-SRDX pBract214 construct. Roughly half of all florets on each spike 
had an emaciated carpel, but normal stamens and lodicules (Figure 3.6). Although 
the stamen looked to be well developed, there was little viable pollen inside (Figure 
3.2). The pUBI:HvBM2-SRDX construct was expressed highly in one of these lines 
compared to the other lines expressing the construct (Figure 20, Line B). 
 
3.3.4.2 Barley transformants expressing pUBI:HvBM4-SRDX and  pUBI:HvBM16-
SRDX 
Four lines expressing both the pUBI:HvBM4-SRDX and the pUBI:HvBM16-SRDX 
pBract214 construct showed a phenotype. The phenotypes of three of the lines was 





































Figure 3.5 Phenotype of carpel, stamens and lodicules in barley transformants 
pUBI:HvBM16-SRDX compared to control florets. 
Carpels, stamens and lodicules dissected from florets from barley transformants expressing 








Figure 3.6 Phenotype of carpel, stamens and lodicules in barley transformants expressing a 
combination of pUBI:HvBM2-SRDX and pUBI:HvBM16-SRDX (Line C) constructs 
compared to control florets. 
Carpels, stamens and lodicules dissected from florets from barley transformants expressing a 
combination of pUBI:HvBM2-SRDX and pUBI:HvBM16-SRDX constructs and control florets. 


































Figure 3.7 Phenotype of carpel, stamens and lodicules in barley transformants expressing a 
combination of pUBI:HvBM4-SRDX and pUBI:HvBM16-SRDX (Line C) constructs compared to 
control florets. 
Carpels, stamens and lodicules dissected from florets from barley transformants expressing a 
combination of pUBI:HvBM4-SRDX and pUBI:HvBM16-SRDX constructs and control florets. Line C 
shows a partial conversion of the stamen to carpeloid structures and the carpel had an elongated 
phenotype. Even though the lodicules seemed similar in appearance to the control lodicules (A), in 






In one line all tillers showed changes in stamen structure of varying severity, with 
the most severe showing a partial conversion of the stamen to carpeloid structures 
(Figure 3.7). The anthers had stigma-like hairs and had lost all colour compared to 
the control. No pollen was found inside the anthers. The carpel had an elongated 
phenotype, no longer exhibiting the ‘heart’ shape of the characteristic of carpels in 
wheat, rice and barley. Even though the lodicules seemed similar in appearance to 
the control lodicules, in other tillers with a less severe anther phenotype, the 
lodicules were slightly elongated (Figure 3.7, A and B). Anthers from these florets 
contained some viable pollen, although significantly less than the control (Figure 
3.2). Two other lines also showed this phenotype. Surprisingly, the line with the 
most severe anther conversion (Line C) showed lower expression of the 
pUBI:HvBM4-SRDX than another line exhibiting a less severe anther phenotype 
(Line D) (Figure 3.8).  
 
Florets of another line were noticeably bigger and spikes were shorter, carrying less 
florets than the control. The carpel and the lodicules of these florets were also bigger 
than the control, but showed no changes in structure (Figure 3.9). Pollen found 
inside the anthers was viable, but there was significantly less viable pollen than the 
control (Figure 3.2). Pollen found inside the anthers was also found to be sticking 
together (Figure 3.9). Expression of the pUBI:HvBM4-SRDX construct was very low 
in these florets (Figure 3.8, Line E). 
 
Figure 3.8 Expression analysis of the pUBI:HvBM2-SRDX (A) and pUBI:HvBM4-SRDX (B) constructs in 
plants exhibiting a phenotype. 
(A) Line B expresses the pUBI:HvBM2-SRDX construct more highly than Line A. (B) Line D has the highest 
expression of the pUBI:HvBM4-SRDX construct even though Line C exhibits a much more pronounced 









Figure 3.9 Phenotype of carpel, stamens and lodicules in barley transformants expressing a 
combination of pUBI:HvBM4-SRDX and pUBI:HvBM16-SRDX (Line E) constructs compared to 
control florets. 
Carpels, stamens and lodicules dissected from florets from barley transformants expressing a 
combination of pUBI:HvBM4-SRDX and pUBI:HvBM16-SRDX constructs and control florets. Line E 
has bigger florets that contain bigger carpels and lodicules, but no apparent changes in anther structure. 






3.4 Discussion  
In Arabidopsis the B-class genes determine the identity of the petals and the stamens 
(Fornara et al., 2003). In grasses they are thought to determine the identity of the 
lodicules, the equivalent of petals, and the stamens. A functional analysis of the B-
class MADS-box genes in barley is still lacking. By using the CRES-T system of 
dominant repression by attaching an EAR motif domain, also known as SRDX, to 
the CDS of the B-class genes we generated dominant repression lines.  
Dominant repression of single PI-like genes resulted in beginning to partial 
conversion of stamens into carpeloid structures. In the transformants examined, the 
pUBI:HvBM4-SRDX line showed the most severe phenotype. Stamens were 
converted into carpeloid structures, the carpels were small and underdeveloped. The 
lodicules were small and had lost their rounded shape and the presence of trichomes. 
These results are contrary to what has previously been reported in rice, where there 
was no phenotype observed in the OsMADS4 RNAi lines (Yao et al., 2008; Yoshida 
et al., 2007). However, the stamen and lodicule phenotype correspond to those 
observed in the WPI1 mutant in wheat (Hama et al., 2004). Curiously, the carpel 
phenotype observed in the pUBI:HvBM4-SRDX  line has not been described in any 
other crops or in Arabidopsis. This might indicate an indirect role of HvBM4 in 
carpel development. 
 
The phenotypes observed in pUBI:HvBM2-SRDX lines showed more similarity to 
those observed in rice OsMADS2 RNAi lines (Yadav et al., 2007; Yao et al., 2008; 
Yoshida et al., 2007). In both the rice and our barley lines, elongated and bract-like 
lodicules were found. In the rice OsMADS2 RNAi lines, however, no phenotype was 
observed in the stamens, whereas stamens in our barley pUBI:HvBM2-SRDX lines 
showed changes in stamens shape and the appearance of trichomes on the top of the 
stamens.  
 
Both the sterility data from the pUBI:HvBM2-SRDX lines and the lack of viable 
pollen in the majority of the other SRDX lines shows that pollen development is also 
severely impacted. This could be and indirect effect or due to the changes in 
structure of the anthers, or it could indicate that the B-class genes are involved in 
pollen development. Unpublished RNAseq data produced by Dr. Matthew Aubert 
has shown that HvBM2 is also expressed after fertilisation of the carpel in the 
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nucellar projection. The aborted seeds in the pUBI:HvBM2-SRDX lines could point 
to an as of yet unknown function in seed production.  
 
The pUBI:HvBM16-SRDX lines showed no phenotype, which is contrary to what 
was seen in rice and maize (Ambrose et al., 2000; Nagasawa et al., 2003). The 
different phenotypes and degrees of severity or the lack of phenotypes are likely due 
to the expression levels of the SRDX construct. If the expression of the construct is 
very low, the repressor SRDX MADS-box gene can still be outcompeted by the 
native MADS-box gene. 
 
The results of these dominant repression lines show that HvBM2 and HvBM4 have a 
conserved function in stamens and lodicule development. A carpel phenotype that 
hasn’t been described before and the aborted seeds in the lines with a phenotype 
point to a  potential function in the carpel and in the developing seed. HvBM2 and 
HvBM4 might have a redundant function in stamens and lodicule development, 
shown by the less severe phenotype in  pUBI:HvBM2-SRDX lines, which is similar 
to what was found in rice, though in rice HvBM4 seems to have a lesser function 
(Yao et al., 2008; Yoshida et al., 2007). 
 
Construct Line Phenotype 
pUBI:HvBM2-SRDX 2 Partial conversion of stamens to carpel-like 
structures. Stigma-like trichomes on stamens. 
Elongated lodicules, partial conversion to palea-
like structure. 
pUBI:HvBM4-SRDX  Conversion of stamens to carpeloid structures. 
Conversion of lodicules to small bract-like 
structures without trichomes.  
Carpel small and underdeveloped showing 
limited stigmatic branching.  
pUBI:HvBM16-SRDX  No phenotypes found. 
pUBI:HvBM2-SRDX + 
pUBI:HvBM16-SRDX 
B Emaciated carpels. 
pUBI:HvBM4-SRDX + 
pUBI:HvBM16-SRDX 
C Partial conversion stamen to carpeloid 
structures. 
Elongated carpel.  
Lodicules slightly elongated. 
E Bigger florets, carpels and lodicules. 
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Introduction to Chapter 4: Effects of heat stress on reproductive 
development in three European barley varieties. 
 
MADS-box genes have been shown to be important in abiotic stress tolerance in 
several studies on various crops (Castelán-Muñoz et al., 2019). In this chapter heat 
stress experiments were used to investigate the impact of heat stress on the 
reproductive organs of three commercial European spring barley varieties. Heat 
stress was applied at two critical stages in floret development: meiosis and mitosis. 
These two particular time points were chosen to see if early heat stress, simulating 
heat waves in spring in Europe, has an effect on the reproductive development, as 
well as comparing these results to the effects of heat stress in the later stages of 
development. A day temperature of 30°C was chosen to mimic abnormal heat in 
Northern Europe.  
 
Fertility assays looking at pollen viability were used to have a first look at sterility in 
the different varieties. 3D X-ray CT scans were carried out as a non-destructive 
method to visualise the morphology of florets and floret organs without 
manipulation. This is a promising new method to give a more representative image 
and accurate volume measurements calculated by the X-ray software VG Studio 
Max 2.2 based on the regions of interest segmented out of the scan. However, it 
involves many hours of work, understanding of the software and precision work 
segmenting the desired regions of interest, in this case the reproductive organs, out 
of the X-ray CT scans to obtain the 3D images represented in this chapter. 
Immunolabeling was used to visualise changes in the cell walls in anthers and 
ovules.  
 
The heat stress experiment was repeated to confirm the results observed in the first 
experiment. All results presented in this chapter were obtained in the second 
experiment, due to the fact that the X-ray CT scans were only able performed during 
the second experiment. However, all other results were similar between both 
experiments.  
These experiments were to be combined with a genetic analysis of the ABCDE 
MADS-box genes in the heat stress plants compared to the control to investigate if 
these genes could be of interest for abiotic stress tolerance in barley. However, due 
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to a lack of time and a shift of focus to the functional and expression analysis of the 
ABCDE MADS-box this genetic analysis was not carried out. Further research into 
the effect of heat stress on the ABCDE MADS-box genes and investigating their role 
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4.1 Abstract 
The Poaceae, or grasses, include many agriculturally important crops such as rice 
(Oryza sativa), maize (Zea mays), barley (Hordeum vulgare) and wheat (Triticum 
aestivum). Barley is a widely grown cereal crop used for stock feed, malting and 
brewing. Abiotic stresses, particularly global warming, are the major causes of crop 
yield losses by affecting normal fertility and seed set. However, effects of heat stress 
on reproductive structures and fertility in barley have not been extensively 
investigated. In this study we examined three commercial European spring barley 
varieties under high temperature conditions to investigate the effects on floret 
development. Using a combination of fertility assays, 3-dimensional modelling, 
cytology and immunolabelling, we observed that male reproductive organs are 
severely impacted by increased temperature, while the female reproductive organs 
are less susceptible. Importantly, the timing of stress relative to reproductive 
development had a significant impact on fertility in a cultivar-dependent manner. 
This work provides insight into how heat stress, when applied during male meiosis 
and mitosis, affects crop fertility and seed set, and also describes complementary 
invasive and non-invasive techniques to investigate floret development. This 
information will be used to identify and study barley cultivars that are less 
susceptible to heat stress at specific stages of floral development. 
 
4.2 Introduction 
The world is facing an exponentially increasing population, with associated 
increased demands for food, and all major climate models predict a higher average 
temperature globally with larger temperature fluctuations and more frequent heat 
waves (Christidis et al., 2014; IPCC, 2014). Abiotic stresses are, individually or in 
combination, one of the major reasons for crop yield loss. These stresses cause 
morphological, physiological, biochemical and molecular changes that impair plant 
development (Bita and Gerats, 2013). Lesk et al. (2016) has shown that extreme heat 
significantly reduced national cereal production globally by 9-10%. Wheat, maize 
and barley have been shown to have the strongest negative yield impacts due to the 
changing climate in the last two decades with an estimated annual combined loss for 
these three crops of roughly $5 billion per year since 2002 (David and Christopher, 
2007). In particular the increased frequency of heat stress over the last 40 years, has 
led to a greater frequency of yield anomalies in wheat (Zampieri et al., 2017). Wheat 
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yields, which account for 21% of food production, could decrease significantly with 
an increase in temperature in regions where temperatures are currently optimal 
(Delphine et al., 2014; Ortiz et al., 2008). Experiments in rice also showed that heat 
stress has an adverse effect on important yield components especially fertile 
spikelets and 1000 grain weight, decreasing the yield significantly (Aghamolki et al., 
2016). This serves as a warning for future global food security.  
 
Reproductive organs are significantly more vulnerable to high temperatures than 
other plant organs. Planting of crops is typically timed to minimise high temperature 
exposure during the reproductive stages, however the fluctuations and extremes of 
temperature that are now occurring mean that there is an increasing probability that 
peaks of high temperature will overlap with the flowering period (Teixeira et al., 
2013). Seed set requires many developmental steps to be successfully completed; for 
example, pollen must be produced, viable pollen grains must be released and the 
pollen tubes must grow properly to ensure functional signalling mechanisms with the 
style and the ovule. Concurrently, the ovule must develop within the ovary to 
produce and nourish the embryo sac, producing a female gamete and a suitable 
environment for the downstream events of seed development (Wilkinson et al., 
2018). Once fertilization is completed, the embryo must then develop normally to 
ensure successful seed set (Barnabas et al., 2008; Maestri et al., 2002; Wilson and 
Zhang, 2009). Nevertheless, these developmental processes show variable sensitivity 
to heat stress. 
 
Saini et al. (1983) reported that one third of ovaries in wheat that experienced heat 
stress during meiosis exhibited abnormal development. Pollen, in contrast, shows 
much higher levels of abortion after heat stress and has been shown to be one of the 
most heat-sensitive developmental stages in cereals (Prasad et al., 2008; Saini et al., 
1983; Stone and Basra, 2001). At the pre-meiotic stage, high temperatures caused 
development of short anthers possessing no pollen grains in barley (Sakata et al., 
2000). Heat stress during meiosis resulted in pollen grains that possessed exine, but 
showed little starch accumulation (Sakata et al., 2000). Draeger and Moore (2017) 
also showed that exposure of wheat to high temperatures affected the progression of 
pollen mother cell (PMC) meiosis. Disruption of synapsis is one of the most 
commonly reported meiotic failures under high temperatures and this can lead to 
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unpaired univalents that segregate randomly or are lost (Bomblies et al., 2015). In 
addition, at mitosis 1 and 2 both wheat and barley pollen grains have been shown to 
be highly sensitive to elevated temperatures (Barnabas et al., 2008; Saini et al., 
1984). This has been proposed as due to an inability to synthesize all required Heat 
Shock Proteins (HSPs) necessary to survive during heat stress conditions (Barnabas 
et al., 2008; Cooper et al., 1984; Mascarenhas and Crone, 1996). A causal 
involvement of HSPs in thermotolerance in plants has been shown in non-cereal 
species (Hong and Vierling, 2000). Genotypes that express HSPs are better able to 
withstand heat stress as they minimise heat-induced protein aggregation and thus 
during the recovery period, facilitate their refolding (Farooq et al., 2011; Feder and 
Hofmann, 1999; Nguyen et al., 1994). In many cases, expression of HSPs is 
developmentally regulated and they are thus present prior to heat stress (Maestri et 
al., 2002). Heat stress during the early periods of grain filling in maize has also been 
shown to cause a reduction in grain weight which was attributed to a lower number 
of endosperm cells (Nicolas et al., 1985). 
  
In this study, we analysed the effects of heat stress on reproductive development of 
three European spring barley varieties under controlled environmental conditions. 
One of these varieties, RGT Planet, has recently been identified as a variety of 
considerable promise for high yield and malt quality in Australian conditions 
(SeedForce, 2017). We found that after heat stress anthers from all varieties showed 
abnormal development, whilst ovules were less severely affected. The three varieties 
showed differences in sterility, confirming their varying tolerance to heat stress, with 
Moonshine being most tolerant overall. RGT Planet exhibited excellent yield under 
control conditions, but suffered significantly after heat stress. In contrast to 
Moonshine and RGT Planet, Optic was the most severely affected by heat stress 
during mitosis in reproductive development.  
 
4.3 Materials and methods 
4.3.1 Plant materials and growth conditions  
Seeds from three different spring barley varieties (Hordeum vulgare; Optic, RAGT 
Moonshine and RGT Planet) were provided by the Wilson lab (University of 
Nottingham) and were sown in John Innes Potting Compost No.3 in 13cm diameter 
pots. Optic is a variety created by Syngenta, RAGT Moonshine and RGT Planet are 
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varieties created by RAGT Seeds. RGT Planet is a relatively new variety that has 
been shown to be one of the highest yielding spring varieties on the AHDB 
Recommended List that is fully approved for brewing use (AHDB, 2017). RAGT 
Moonshine and Optic were removed from the AHDB Recommended List in 2016 
(AHDB, 2016).  All three are two-row varieties and are primarily grown in the 
United Kingdom, although RGT Planet is becoming popular in Australia. 
Temperatures of ~20°C are considered optimal for growth and development of 
spring barley varieties (Kruszka et al., 2014). The pots were placed in a controlled 
environment growth chamber with a continuous temperature of 17°C and 16 hour 
photoperiod. After one week, the plants were transferred to CSNG (General 
Container Nursery Stock compost, Levington Advance) compost in 13cm diameter 
pots. Heat stress was applied to two stages of reproductive development (meiosis and 
mitosis, Supplemental Figure 1) according to the non-destructive staging described 
in Gómez and Wilson (2012) and these plants were compared to plants grown in 
control conditions. Male as well as female reproductive development were 
simultaneously targeted because the onset of the pollen mother cells (PMCs) in 
anthers coincides approximately with meiosis in the megaspore mother cell (Saini et 
al., 1983). Twelve plants of each variety were used for each condition: 1) meiosis 
heat stress, 2) mitosis heat stress and 3) control. The periods of heat stress were 
carried out in a controlled environment growth room with a day/night temperature of 
30/25°C and a 16 hour photoperiod to mimic extreme heat stress conditions. The 
temperatures were chosen to mimic heat waves occurring more frequently in Europe. 
Tillers of a similar age were selected at the beginning of meiosis or mitosis, and 
were tagged for analysis before being submitted to heat stress. All pots were 
monitored daily and watered to avoid any water stress. Plants undergoing meiosis 
heat treatment were submitted to heat stress for two days, while plants undergoing 
the mitosis heat treatment remained in the heat stress for five days to ensure 
completion of mitosis I and II, before being transferred back to control conditions. 
 
4.3.2 Pollen viability assay  
Pollen viability in control and heat stressed plants was assayed using 0.2% (w/v) 
potassium iodide and 1% (w/v) iodine (Chang et al., 2014). Normal mature pollen 
grains that contain starch granules stain black, whilst immature pollen grains or 
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deformed pollen grains appear orange or red. Pollen viability images were taken with 
a Nikon Eclipse 50i microscope and a Nikon DS-Fi1 camera. 
 
4.3.3 Immunolabelling  
Florets were harvested from the tillers tagged for heat stress during meiosis 
immediately before anthesis, fixed in 4% (w/v) paraformaldehyde in phosphate-
buffered saline (PBS) with 0.1% (v/v) Triton X-100 and 0.1% (v/v) Tween 20 and 
embedded in paraffin. Floret sections (8μm) were mounted on slides at 42°C, the 
paraffin was removed from the sections using 100% Histoclear (v/v) and tissue was 
rehydrated by using an ethanol series (100%, 90%, 70% and 30% (v/v)) and water. 
Slides were washed with 1xPBS and treated subsequently with glycine to inactivate 
residual aldehyde groups. They were then washed with Incubation buffer (1% (w/v) 
bovine serum albumin (BSA)) in 1xPBS (Burton et al., 2011). Primary antibody was 
added to the sections and incubated in a humidity chamber for 1h: BG1 murine 
monoclonal antibodies raised against barley (1,3;1,4)-β-d-glucan (diluted 1:50; 
Biosupplies Australia, Parkville, Vic., Australia) and LM19 monoclonal antibodies 
raised against homogalacturonan (Burton et al., 2011; Meikle et al., 1994; 
Verhertbruggen et al., 2009). After three washes with Incubation buffer the slides 
were dried and the secondary antibodies added. Goat anti-mouse Alexa Fluor® 488 
IgG (H+L) (diluted 1:200, Invitrogen, Australia) was used for BG1 and Dylight 550 
Goat anti-rat IgM (diluted 1:200, Invitrogen, Australia) was used for LM19. The 
slides were incubated for 2h and then washed with Incubation buffer. 0.1% (w/v) 
Calcofluor white was added and washed off before imaging with the Zeiss Axio 
Imager 2 as described in Aditya et al., (2015). 
 
4.3.4 3D X-ray imaging  
The Phoenix Nanotom S, a nanofocus Computed Tomography system was used to 
scan barley florets of the three varieties at the Hounsfield Facility in Nottingham as 
previously described (Tracy et al. (2017). One control floret and one heat stressed 
floret (heat stress applied during meiosis) were scanned and the scans were 
segmented and analysed using VG Studio Max 2.2.  
 
4.3.5 Phenotyping   
Five different, randomly chosen florets were harvested immediately before anthesis 
after the heat treatments and in control conditions from all varieties and dissected to 
 103 
observe the morphology of the anthers. Images were taken with a Zeiss Stemi SV6 
microscope and an Axiocam ERc Rev. 2.0 camera.  
 
4.3.6 Evaluation of sterility 
All tillers from control and heat stressed plants were harvested (Table 1). For every 
spike the number of total spikelets and the number of spikelets that developed into 
seeds were counted. The percentage of “sterility per tiller” was calculated by 




4.4.1 Anther morphology in barley varieties after heat stress 
Anthers were dissected from at least three randomly selected florets for the different 
varieties (Optic, RAGT Moonshine and RGT Planet) that had been exposed to heat 
treatment at meiosis and mitosis, and compared to those from the control conditions. 
All of the heat-treated lines showed effects on anther morphology, with alterations in 
anther shape and a change in colour from yellow to white (Figure 4.1). In all three 
varieties, the effect on anther morphology was more severe after heat stress during 
meiosis compared to mitosis, but both treatments showed impacts on anther shape 
and colour. In particular, Optic and RGT Planet showed a severe change in meiosis 
heat stressed anthers (Figure 4.1).  
 
Anther morphology was investigated further using 3D images obtained from X-ray 
micro-CT scans of Optic and RGT Planet. The resulting X-ray micro-CT scans 
(Figure 4.3) of all six florets (one control floret and one meiosis heat stressed floret 
for each variety) were carefully segmented to obtain individual 3D images of the 
anthers and carpels (Figure 4.2).  
 
Anther volume, calculated by the software VG Studio Max 2.2 from the segmented 
CT scans of the floral organs, varied significantly; control non-stressed anthers were 
approximately 0.9mm3 (4.33mm length, 1.98mm width, 1.43mm depth) in Optic and 
1.1 mm3 (4.49 mm length. 2.83 mm width, 1.37 mm depth) in RGT Planet. Whereas 
the meiosis heat stressed anthers were smaller: 0.29 mm3 (3.91 mm length, 3.01 mm 
width, 1.82 mm depth) in Optic and 0.71 mm3 (3.1 mm length, 2.35 mm width, 1.01 
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mm depth) in RGT Planet (Figure 4.2). The septum in the heat-stressed anthers could 
be observed as broken in the micro-CT scans, while this was not the case for the 
control anthers (Figure 4.2).  
 
 
Figure 4.1 Anther development in barley cultivars Optic, Moonshine and RGT Planet.  
Anthers dissected from control and heat stressed florets (heat stress during meiosis and mitosis of 

















Figure 4.2 X-ray CT images of (A) anther and (B) carpel development in control and heat stress 
conditions for Optic and Planet.  
X-ray images of the anthers and carpels obtained by X-ray CT were compared for control environment 
and heat stress environment (heat stress during meiosis of pollen development) immediately before 




Immunolabelling was subsequently used to observe sections of the anthers and 
highlight cell wall components such as 1,3;1,4-β-glucan, de-esterified pectin and 
cellulose (Figure 4.3). Calcofluor white stained β-glycan polysaccharides in the outer 
layers of the anther, the filament vascular tissue and the pollen grains (Figure 4.3A). 
Some autofluorescence was detected in the pollen grains, particularly in the 1,3;1,4-
β-glucan channel (Figure 4.3B), but positive controls confirmed 1,3;1,4-β-glucan 
and de-esterified pectin labelling (Figure 4.3C). The results clearly indicated that the 
meiosis heat-stressed anthers of all the lines were significantly impacted by the stress 
(Figure 4.3). In Optic (Figure 4.3D, E), pollen was visible in the control anthers, but 
not in the meiosis heat-stressed anthers. The epidermal cells of the anther wall were 
intact, but the endothecium had degraded. Both tissue layers were intact and visible 
in the Optic control anthers (Supplementary Figure S4). In Moonshine (Figure 4.3F, 
G), no pollen was visible in the meiosis heat-stressed anthers despite it being 
Figure 4.3 X-ray CT images of anther and carpel development in control and heat stress conditions 
for Moonshine. X-ray images of the anthers and carpels obtained by X-ray CT are compared for control 
environment and heat stress environment (heat stress during meiosis of pollen development) right before 
anthesis.  
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observed in the micro-CT scanned images (Supplementary Figure S3). The 
epidermis was also intact, but the endothecium had degraded in the heat stressed 
anthers (Supplementary Figure S5). Similar to the other two varieties, while pollen 
grains were visible in the control anthers, there was none visible in the heat stressed 
anthers in RGT Planet (Figure 4.3H, I). The anther wall in the heat stressed anthers 
seemed to have collapsed, which agrees with the observations from the micro-CT 
scan (Figure 4.2; Supplementary Figure S5). In all heat stressed anthers, the vascular 
tissue was less well developed than in the control anthers. 
 
4.4.2 Carpel morphology in barley varieties after heat stress 
The 3D images of the carpels from Optic showed no significant changes in 
morphology between heat-stressed and control florets, but there was a difference in 
size (Figure 4.2; Supplementary Figure S4). Calculated by VG Studio Max 2.2 from 
the segmented CT scans of the floral organs, the control carpel measured 1.31mm3 
(2.71mm length, 2.35mm width, 1.45mm depth), which is smaller than the heat 
stressed carpel, which measured 2.58mm3 (2.86 length, 2.77mm width, 1.34 depth). 
The X-ray imaging also showed a significantly enlarged carpel in the RGT Planet 
heat stressed floret with a volume of  4.46mm3 (5.37mm length, 2.51mm width, 
1.57mm depth) compared to the control which had a volume of 1.37mm3 (2.42mm 
length, 2.22mm width, 1.13mm depth) (Figure 4.2).  
The immunolabelling of ovule sections in Optic only showed slight differences 
between control and heat stressed florets (Figure 4.3J, K): the embryo sac was 
present, but there seemed to be less cell layers between the embryo sac and the 
integument, and nucellus cells appeared larger. This could be due to regional 
nucellar degeneration and faster development of heat-stressed ovules. Similarly, 
embryo sac morphology in the heat-stressed ovules of Moonshine did not show any 
significant difference compared to control ovules (Figure 4.3L, M). The ovules in the 
heat-stressed florets of RGT Planet seemed to be further developed than the controls 
(Figure 4.3N, O), but no clear irregularities in the morphology of the embryo sacs 
could be identified.  
 
4.4.3 Male fertility after heat stress   
Meiosis and mitosis stages are known to be stages vulnerable to heat stress during 
pollen development, therefore pollen viability was assessed using potassium 
iodide/iodine solution in anthers from all three varieties with and without heat 
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treatment. Using this method, viable pollen stains black due to starch deposition 
whilst non-viable pollen stains orange-red. Pollen was still able to develop in the 
florets after heat stress at meiosis and mitosis, but there was a lack of starch staining 
indicating a high level of sterility (Supplementary Figure S1B). Pollen could be 
observed in the Optic and RGT Planet anthers, after both meiosis and mitosis heat 
stress, but this was less than in the control plants, and none was viable. Moonshine 
was even more strongly affected with no pollen present after the meiosis heat stress. 
After heat stress during mitosis viable pollen was observed but at a lower amount 
than in the control anthers.
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Figure 4.4 Immunolabelling of cell wall components in anthers and ovules in Optic, 
Moonshine and Planet at meiosis stage.  
(A) Calcofluor white staining (CW, white colour) of a control anther (an). The filament (fi) and 
pollen (p) are indicated. (B) The same anther shown in A, showing autofluorescence (green) in the 
Alexafluor-488 channel. (C) A barley leaf sample showing positive labelling of (1,3;1,4)-β-glucan 
(BG1, green) and de-esterified pectin (LM19, magenta). (D-O) Comparison of control and heat 
stressed anthers and ovules in barley florets of the three varieties. Merged images of the antibody 
labelling patterns are shown. (D) Optic control anther. (E) Optic heat-stressed anther. (F) 
Moonshine control anther. (G) Moonshine heat-stressed anther. (H) Planet control anther. (I) 
Planet heat-stressed anther.  (J) Optic control ovule. The ovary wall (ow), integuments (int), 
nucellus (nu) and embryo sac (es) are indicated. (K) Optic heat-stressed ovule. In this ovule the 
antipodals (an) are also evident. (L) Moonshine control ovule. (M) Moonshine heat-stressed ovule. 
(N) Planet control ovule. (O) Planet heat-stressed ovule.  Bar = 50µm in all images. 
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4.4.4 Seed set after heat stress 
The number of tillers and seeds per spike was determined for all three varieties after 
both treatments and in control conditions (Table 4.1). In Optic, there was no 
significant difference between the average number of seeds per spike after meiosis 
heat stress and the control. However, there was a significant reduction of average 
seed number per spike after mitosis heat stress compared to the control, from 19 to 6 
seeds per spike. In Moonshine there was a significant decrease in seed set after both 
meiosis and mitosis heat treatments, from 25 in the control conditions to 16 and 14 
respectively. The same could be observed in RGT Planet where a significant 
decrease was identified after both heat treatments. In control conditions, there was an 
average of 28 seeds per spike, while after meiosis heat stress this was reduced to 12 
and after mitosis heat stress to 13.  
 
Variety Treatment Average number of 
tillers/plant 




Optic Control 7±1.8  19±2.8 
Meiosis 6±0.7 8 14±4.6 
Mitosis 5±0.9 12 6±3.8* 
Moonshine Control 7±1  25±2.0 
Meiosis 6±0.7 5 16±3.4* 
Mitosis 6±1.1 16 14±2.4* 
RGT Planet Control 6±1.2  28±2.8 
Meiosis 6±1.6 12 12±3.4* 
Mitosis 6±1.3 13 13±4.1* 
Table 4.1 Average number of tillers per plant and seeds per spike, and number of tagged tillers for the 
three different varieties in control conditions, after meiosis heat treatment or after mitosis heat 















Three barley varieties were assessed for their resilience to heat stress during 
reproductive stages. Plants that experienced heat stress at two key stages in their 
reproductive development (meiosis and mitosis) showed severe deficiencies in anther 
development, and these are likely to be the leading cause of sterility due to high 
temperature stress. A short period of heat stress during early development led to 
significantly smaller and deformed anthers. Although the anthers were harvested at 
the same time from heat stressed and control plants, the septa in the heat stressed 
anthers had already broken, suggesting a more rapid developmental progression in 
the heat stressed lines and or a change in the physical properties of the anther walls. 
It has been suggested that thick locule walls and well-developed cavities in the septa 
may be responsible for the tolerance to high temperatures in rice (Matsui et al., 
2001). The cavities are hypothesised to enable easy rupture of the septa in response 
to the swelling of the pollen grains while the thick locule walls promote the swelling 
of the pollen grains by retaining water in the locules (Matsui et al., 2001). The locule 
walls and cavities seemed less developed in the heat stressed anthers, which might be 
another reason why the pollen grains did not develop correctly. Saini et al. (1984) 
described two types of anther defects after heat stress in wheat. Type 1 typically had 
premature tapetal degeneration which resulted in periplasmodial invasion of the 
locule at meiosis and ultimately led to sterility. Degeneration of the outer layers of 
the anther wall was also observed. The second type was characterised by 
microspores that completed pollen grain mitosis I (PGM1), but a proportion of which 
became disoriented from the tapetum and developed no further. The breaking of the 
septa identified in heat-stressed barley might be attributed to the fragility of the 
anther walls, as we can see some degeneration of anther wall layers in the 
immunolabelled images from RGT Planet. 
 
Pollen development was severely affected by heat stress during both meiosis and 
mitosis, with decreased viability and a reduced accumulation of starch. However, as 
shown by the X-ray CT images of Moonshine florets after meiosis heat stress, and by 
the presence of viable pollen in Optic after meiosis heat stress, pollen is still formed 
in some heat-stressed florets and some may be viable. It has been suggested that 
stresses such as water stress could inhibit starch deposition in rice and wheat pollen, 
either by decreasing the availability of assimilates or by impairing the activities of 
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enzymes involved in starch biosynthesis (Ji et al., 2010; Sheoran and Saini, 1996). 
Pressman et al. (2002) found that continuous high temperatures prevented the 
transient increase in starch concentration in tomato pollen grains which led to 
decreases in the concentrations of soluble sugars in the anther walls and the pollen 
grains. They concluded that this might contribute to decreased pollen viability in 
tomato after heat stress. This has been confirmed in other species, such as sorghum 
(Jain et al., 2007) and has been supported by evidence that barley grains from heat 
stressed plants accumulated less starch than grains from control plants due to reduced 
conversion of sucrose to starch (Wallwork et al., 1998). Heat stress has been reported 
to have a negative effect on the activities of enzymes involved in the sucrose-to-
starch metabolism in cereals which might explain the reduction in starch content 
(Duke and Doehlert, 1996; Hurkman et al., 2003; Wilhelm et al., 1999). 
 
The female reproductive organs did not show any significant differences in embryo 
sac phenotypes after heat stress. However, the carpels were bigger and the ovules 
appeared to have developed faster than the controls. This suggests that in the three 
varieties under examination, the female reproductive organs are not as severely 
impacted by heat stress as anthers at the meiotic and mitotic stages of development. 
The immunohistology presented in this paper and previous research shows that the 
cell walls in the anthers, specifically the tapetum, are very vulnerable to heat stress. 
The developmental program of the tapetum has been shown to be disrupted by 
abiotic stress (Parish et al., 2012). In contrast, little is known about the effects of 
abiotic stress on cellular morphology and the regulatory developmental network of 
the carpel and ovule. Several studies indicate that both pre- and post-fertilisation 
stages of ovary development are sensitive to stress, but this varies depending on the 
species and genotype (Bac-Molenaar et al., 2015a; Onyemaobi et al., 2017; Sun et 
al., 2004; Zinn et al., 2010). In wheat, plants exposed to severe heat stress at the start 
of meiosis experienced disrupted nucellus and integument development, and 
complete ovule abortion at a frequency of 30% (Saini et al., 1983). The nucellar cells 
in all three barley cultivars examined here, particularly Optic, appeared to be 
somewhat disorganised and enlarged after heat stress relative to controls. However, 
in all cases, similar immunolabelling patterns for de-esterified pectin were observed 
around what appeared to be an intact embryo sac. Barley only has one ovule per 
floret and therefore needs to safeguard its one chance of survival. The multi-layered 
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nucellus might be one of the reasons the developmental program of the ovule is more 
robust than that of the anther (Wilkinson et al., 2018). The larger size of the carpels 
could be due to swelling of unfertilized ovaries resulting in a second opening to 
promote cross-pollination (Okada et al., 2018). The broken septa in the anthers in the 
heat stressed plants might indicate that plants exposed to short pulse of heat stress 
around meiosis might respond by speeding up reproductive organ development. A 
similar phenomenon was previously been reported where heat stress hastened spike 
development and reduced spike number, thus impacting the number of grains per 
spike (Halse and Weir, 1974; Johnson and Kanemasu, 1983; Saini and Aspinall, 
1982). This is consistent with the reduction in seeds per spike we observed in the 
three varieties after both heat stress treatments.  
 
The differences in heat stress sensitivity between the three varieties could be due to a 
difference in genetic composition or stress response factors, which may be the 
consequence of altered gene expression leading to differential resilience or 
alternatively altered developmental progression so that stress exposure is minimised.  
 
4.6 Conclusions 
A short period of heat stress during the reproductive phase in barley is detrimental 
for the development of the male reproductive organs, but less so for the female 
reproductive organs. Results indicate that after heat stress, floret development was 
generally hastened, which might reflect an overall stress response from the plant to 
ensure seed set, albeit with a smaller amount of seeds. Prolonged heat stress at a later 
stage in development (mitosis) showed more severe effects in the male reproductive 
organs in Optic than in the other two varieties, with no viable pollen and 
significantly more sterility. The female reproductive organs of the three cultivars 
showed no severe effects after heat stress, at least in terms of embryo sac expansion. 
Overall, RGT Planet performed worst compared to the control conditions and 
Moonshine performed best. However, there were less florets per spike in the heat 
stressed plants across all three varieties compared to control plants. Further 
investigation will be required to identify the traits that contribute to Moonshine being 
more heat tolerant than the other two varieties. The data provided here provides a 
basis for further studies into differential heat stress responses during key stages of 
barley reproductive development. Moreover, the use of X-ray imaging is a promising 
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new method to visualise the morphology of floret organs without dissection and 
manipulation with chemicals, giving a more representative image and accurate 
volume measurements.  
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In this thesis tissue-specific expression patterns of all the ABCDE-model MADS-box 
genes in barley were presented at developmental stages starting from stem elongation 
and the formation of the primary sporogenous cells in the anthers, and ending at 
anthesis. In situ hybridization analysis of the B-class gene HvBM2 was carried out to 
localise the expression more specifically. The CRES-T dominant repression system 
was used to investigate the function of the B-class DEF/GLO MADS-box proteins 
HvBM2, HvBM4 and HvBM16. Although the sequences, the expression patterns and 
the functions of the ABCDE MADS-box genes are conserved between species, gene 
duplication throughout evolution can lead to non-functionalization, sub-
functionalization or neo-functionalization (Schilling et al., 2015). These changes can 
affect the ABCDE model and can ultimately lead to new flower morphologies. 
Understanding the ABCDE model in different species can provide a clearer 
understanding of how the flower morphology in particular species evolved and how 
it might still change in the future.  
MADS-box genes had been shown to be involved in abiotic stress response. We 
investigated the effects of high temperature conditions on the reproductive 
development in three commercial European spring barley varieties at two vulnerable 
reproductive stages: meiosis and mitosis. Understanding the effects of heat stress on 
barley floral organ morphology and fertility in different varieties is important to find 
tolerant and susceptible varieties that can be used to investigate the underlying 
mechanism of heat stress tolerance. 
 
5.1 Expression of the A-, Bsister-like, C-, D-, E- and AGL6-like MADS-box 
genes in barley 
The ABCDE-model MADS-box genes can be divided in five different classes based 
on their homeotic function: class A, B, C, D and E genes (Bowman et al., 1989, 
1991; Coen and Meyerowitz, 1991; Theissen and Saedler, 2001; Weigel and 
Meyerowitz, 1994). Two classes, phylogenetically related to the B-class and the E-
class respectively have also been added: the Bsister-like genes and the AGL6-like 
genes (Becker et al., 2002; Becker and Theissen, 2003). The A- and E-class protein 
complexes specify sepals in the first whorl. Complexes of A-, B- and E-class 
proteins specify petals in the second whorl (Honma and Goto, 2001). B-, C- and E-
class complexes specify stamens in the third whorl and C- and E-class protein 
complexes specify carpels in the fourth whorl (Coen and Meyerowitz, 1991; Honma 
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and Goto, 2001). D-class proteins specify ovules (Colombo et al., 1995). The Bsister-
like genes function in the ovule, while the AGL6-like genes are thought to function 
in all four whorls (Becker and Theissen, 2003; Munster et al., 2001; Reinheimer and 
Kellogg, 2009). 
The tissue-specific expression analysis from early stem elongation to heading in 
Hordeum vulgare cv. Golden Promise presented in this thesis gives us a first idea of 
the possible functions of the ABCDE MADS-box genes in barley. The two most 
abundantly expressed genes are HvBM15 and HvBM1. The A-class gene HvBM15 
shows expression in all stages of development and in all tissues except the stamens 
and carpel. HvBM1 is the most abundant gene in the E-class and is, similar to 
HvBM15, expressed in all tissues across developmental stages, except for the 
reproductive tissues where it is absent in the stamen and only has low expression in 
the carpel. Both of these genes are most likely to be involved in early development 
and development in whorls 1 and 2.  
 
 HvBM14 is the most abundant A-class gene in the reproductive tissues. The E-class 
genes HvBM7 and HvBM8 might also play a more important role in reproductive 
development, shown by their expression in the carpel and the stamen. HvBM6 is 
most abundantly expressed in the carpel in later stages of development. Clustering of 
these genes shows that HvBM14 might play a minor role in carpel development, 
while HvBM7, HvBM8 and HvBM6 might be part of the floral quartets determining 
the carpel identity and development. The other classes are more specifically 
expressed in the inner whorls. The B-class genes are known to be expressed in the 
reproductive organs and the lodicules, while the C-class genes are expressed in both 
stamens and carpels. D-class and Bsister-like genes are usually expressed in the ovule.  
 
The Bsister genes in barley are most abundant in the carpel and two of them are also 
expressed in the palea/lemma and in the awns. HvBM30 expression has also been 
found in stamens late in development. All three of them are however overall not 
highly expressed, which could indicate a function in tissues or at developmental 
stages not examined here, for example in the developing seed. The C-class genes are 
expressed in the carpel and later in development also in the stamen. HvBM58 is more 
abundant than HvBM3 which might indicate that HvBM3 doesn’t play an important 
role in carpel and stamens development. HvBM3 might be involved in different 
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floral development processes at different stages as a result of sub-functionalization 
due to gene duplication, as has been shown for OsMADS3 and OsMADS58 in rice 
(Yamaguchi et al., 2006). Knock-out mutants of HvBM3 and HvBM58 and a double 
knock-out of HvBM3 and HvBM58 might provide more answers. 
Similarly, D-class genes are only expressed in the carpel. The low expression of 
HvBM21 is similar to the low expression of OsMADS21 in rice and might indicate 
that the gene plays a more important role in the developing seeds as was shown for 
OsMADS21 (Arora et al., 2007; Dreni et al., 2007).  
 
Overall, there are a lot of similarities between the expression patterns found in barley 
for the ABCDE MADS-box genes and those found in rice, wheat or maize. Rice has 
a fourth A-class gene, OsMADS20, which is lacking in barley, wheat and maize. 
However, RNAi lines of OsMADS20 showed no observable phenotype and the 
quadruple mutant osmads14/15/18/20 does not show a more severe phenotype than 
the double mutant osmads14/15 (Wu et al., 2017). This might indicate that 
OsMADS20 has no role in floral organ development and is therefore not found in 
other closely related species. These results also indicate that OsMADS18 has no 
function in floral organ development, but other studies have shown that it may be 
involved in promoting the differentiation of the vegetative shoot or in seed 
development (Fornara et al., 2004; Wu et al., 2017). This is supported by the low 
expression values found for HvBM18 in barley, indicating that HvBM18 might have 
a similar role as OsMADS18. The Bsister-like genes seem conserved in rice, maize, 
wheat and barley. However, in rice OsMADS30 was found to lack the characteristic 
Bsister motifs and a mobile element was found to be inserted in the C-domain of the 
gene (Becker et al., 2002; Schilling et al., 2015; Yang et al., 2012). This changed the 
expression pattern and the function of OsMADS30 (Schilling et al., 2015). This 
change seems to have no effect on reproductive development, which might indicate 
that OsMADS29 and OsMADS31 are sufficient for the Bsister function. Functional 
analysis of the Bsister-like genes in maize, wheat and barley might confirm this 
hypothesis. Expression patterns and functions of the C- and D-class genes seem to be 
well conserved between rice, wheat and barley. However, the relative expression 
values shown in this thesis indicate that HvBM58 plays a more important role than 
HvBM3 in stamens and carpel development, which is the complete opposite of what 
has been shown in rice (Yamaguchi et al., 2006). The E-class genes are also well 
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conserved in rice, barley and wheat. Although SEPALLATA3 (SEP3) has been 
identified as a ‘hub’ protein in Arabidopsis, the expression patterns shown here 
indicate that HvBM1, orthologue of SEP1, acts as a ‘hub’ protein in barley (Figure 
2.9) (Immink et al., 2009). Similar to the A-class, rice has an second AGL6-like gene 
that is not present in maize, barley or wheat. Although maize has two AGL6-like 
genes, they are both orthologues of OsMADS6 and have arisen through gene 
duplication (Dreni and Zhang, 2016). RNAi lines of OsMADS17 did not result in a 
phenotype, suggesting that OsMADS17 is a redundant gene and is not necessary for 
floral development (Ohmori et al., 2009). 
 
5.2 Expression and protein-protein interactions of the B-class MADS-box genes 
in barley 
Gene duplications are thought to have shaped the diversification of angiosperms 
(Theissen and Saedler, 2001). The B-class genes have been hypothesised to be 
involved in the morphological diversification of the perianth (Gioppato and 
Dornelas, 2019; Lamb and Irish, 2003). The observation of the more broadly 
expressed B-class genes and the spirally arranged floral organs with a gradual 
transition between them in basal angiosperms have lead to the ‘fading borders’ 
model (Buzgo et al., 2004; Kim et al., 2005; Soltis et al., 2007; Soltis et al., 2006). 
The ‘fading borders’ model suggests that in basal angiosperms the functions of floral 
transcription factors are not restricted to only one whorl of the floret. The model 
hypothesises that there is a gradual transition from the periphery to the centre of the 
flower (Buzgo et al., 2004; Soltis et al., 2007; Soltis et al., 2006). Proof for this 
model was also found in the basal monocot Triglochin Maritima (Buzgo et al., 
2006). The B-class genes are believed to have gone through multiple gene 
duplication events (Stellari et al., 2004). The first has led to the Bsister-like genes 
branching off from the main B-class genes (Becker et al., 2002). Both lineages are 
still present, which points to an important function of both in floral organ 
development (Becker et al., 2002; De Folter et al., 2006).  
In many monocots, these duplication events are apparent in the amount of B-class 
genes present. Multiple duplication events in the B-class in orchids has been 
hypothesised to have resulted in the formation of the labellum (Chang et al., 2010). 
In contrast to Arabidopsis, grasses have multiple PI-like B-class genes (Chapter 1, 
Table 1). The B-class genes seem to play an important role in evolutionary floral 
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morphological diversification and are therefore an interesting class to explore further 
in different species. Not a lot is known about the B-class genes in barley. The 
expression analysis and functional analysis of these genes presented here helps shed 
more light on their role in the floral architecture in barley.  
 
Although the expression analysis of the PI-like B-class genes was made difficult by 
other genes (receptor kinase 2 and 3) on the reverse strand, additional analysis 
showed no expression of the receptor kinases in the reproductive organs. Expression 
of the PI-like genes HvBM2 and HvBM4 was detected in the carpel and in the 
stamens. The in situ hybridization results shows that HvBM2 expression is more 
specifically located in the carpel and the anther wall and filaments. HvBM16 shows 
low expression compared to the PI-like genes. Due to its role in the conserved 
obligate heterodimers between the PI-like and the AP3-like B-class genes, it is 
unlikely that crops like barley are losing the HvBM16 function. The clustering 
analysis showed that HvBM2 and HvBM16 might play a more important role in early 
carpel development and late stamens development, while HvBM4 is more involved in 
later carpel development. 
 
5.3 Function of the B-class genes in flower development in barley 
To further understand the role of the B-class MADS-box genes in barley, a 
functional analysis was carried out. Dominant repression constructs were made using 
the chimeric repressor silencing technology (CRES-T) system, attaching an EAR-
motif repression domain, also known as SRDX, to the gene of interest.  
It has been shown that the SRDX repression domain can convert a transcriptional 
complex into a repressor via transrepression. Through protein-protein interactions the 
protein that contains the SRDX repression domain transfers repression activity to 
interacting proteins (Matsui and Ohme-Takagi, 2010). The MADS-box transcription 
factors are known to function through complex protein-protein interaction networks 
and help determine the four whorls of the floral architecture by forming so called 
‘floral quartets’. Based on the findings from Matsui and Ohme-Takagi (2010), 
attaching the SRDX repression domain to one ABCDE MADS-box transcription 
factor will therefore transform the whole tetramer into a repressor complex.  
AP3-like and PI-like B-class MADS-box genes form obligate heterodimers (Davies 
et al., 1996). Attaching an SRDX repression domain to either the AP3-like or the PI-
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like B-class gene would therefore result in turning the whole B-class centred 
complexes into a repressor, possibly yielding the same phenotype. The difference in 
observed phenotypes can thus in all possibility partly be due to the other interaction 
partners of the B-class genes and the associated functions of these complexes in 
determining different parts of the floral architecture.  
 
Dominant repression of HvBM4 by introducing pUBI:HvBM4-SRDX showed the 
most severe phenotype among the transformants examined. Stamens were converted 
into carpeloid structures and the carpel was small and underdeveloped, with the 
trichomes concentrated on the tip of the styles. The lodicules were small and had lost 
the rounded shape seen in the control lodicules. They also completely lacked 
trichomes. Continuing on from the consistency in the amount of gene duplications in 
the ABCDE MADS-box genes and in the expression patterns, barley shows the most 
similarity with wheat and shows some significant differences with rice (Table 5.1). 
OsMADS4 RNAi lines in rice resulted in no phenotypic alterations, whereas a WPI1 
mutant in wheat showed carpeloid organs instead of stamens (Hama et al., 2004; Yao 
et al., 2008; Yoshida et al., 2007). The carpel phenotype observed in the 
pUBI:HvBM4-SRDX line has not been described in any other crops or in 
Arabidopsis. The expression of HvBM4 in the carpel later in development and the 
clustering analysis already suggested a potential important role for HvBM4 in carpel 
development. The underdevelopment of the carpel in the pUBI:HvBM4-SRDX line 
now adds more certainty to this hypothesis.  
 
The phenotypes observed in the pUBI:HvBM2-SRDX lines partly correspond to those 
observed in rice OsMADS2 RNAi lines (Yadav et al., 2007; Yao et al., 2008; 
Yoshida et al., 2007). Elongated, bract-like lodicules were observed but, contrary to 
the results in the OsMADS2 RNAi lines, stamens in our barley pUBI:HvBM2-SRDX 
lines showed changes in stamens shape and the appearance of trichomes on the top of 
the stamens. Aside from the morphological differences in the floral organs, pollen 
development was also severely impacted in SRDX lines exhibiting a phenotype, as 
shown by the sterility data from the pUBI:HvBM2-SRDX lines and the lack of viable 
pollen in the other SRDX lines. This could be due to the changes in anther 
morphology, or it could indicate that the B-class genes are involved in pollen 
development. A possible function for HvBM2 in seed development is supported by 
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its expression in the nucellar projection and by the presence of aborted seeds in the 
pUBI:HvBM2-SRDX lines.  
 
In contrast to the AP3-like mutants in rice (OsMADS16 or superwoman) and maize 
(SILKY), no phenotype was observed in any of the pUBI:HvBM16-SRDX (Ambrose 
et al., 2000; Nagasawa et al., 2003). The lack of phenotype when a very strong 
phenotype was found in closely related crops, could be due to low expression of the 
pUBI:HvBM16-SRDX constructs in the lines or could point to a diminished role for 
HvBM16 in barley.  
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5.4 MADS-box genes and abiotic stress 
MADS-box genes are not only important for floral organ development. Several 
studies have shown that they might also be involved in abiotic stress tolerance 
(Castelán-Muñoz et al., 2019). In tomato, cold stress altered the expression of 
several MADS-box genes involved in flower development, one of them the AP3-like 
B-class gene, which could be the cause of severely affected flower and fruit 
development (Lozano et al., 1998). Under continuous mild heat two B-class genes 
were down-regulated in tomato anthers, while two pistil-specific genes were 
ectopically expressed in the anthers instead, explaining the partial conversion of 
anthers to pistil-like structures under continuous mild heat (Müller et al., 2016). 
Cold, salt and/or drought stress also lead to differential expression of seven MADS-
box genes in rice (Arora et al., 2007). A number of flower development genes were 
also identified as responsive to abiotic stress in wheat (Tardif et al., 2007). In 
Brassica rapa, eleven genes from the MIKCc MADS-box genes were shown to be 
differentially expressed after cold, salt and/or drought stress (Saha et al., 2015). 
Comparison between cold-tolerant and cold-susceptible varieties showed more up-
regulation of MADS-box genes in the cold-tolerant line than in the cold-susceptible 
line (Saha et al., 2015). Several differentially expressed MADS-box genes were also 
found in Brachypodium distachyon after abiotic stress treatment (Wei et al., 2014). 
A MADS-box gene of the AGL2-clade was also up-regulated by abiotic stresses in 
maize (Zhang et al., 2012). MADS-box genes were also found to be induced by cold 
and salt stress in sheepgrass (Leymus chinensis) (Jia et al., 2018). 
 
The response of ABCDE MADS-box genes to abiotic stress in barley has not been 
investigated yet, however prior to analysis of the specific impact of abiotic stress on 
the MADS-box genes, it is important to understand the effects of abiotic stress on 
barley per se. Heat stress is a growing climatological problem that has a severe 
impact on cereal yield and production globally (IPCC, 2014; Lesk et al., 2016), 
therefore understanding the impact of temperature stress and developing mitigation 
strategies is important for maintaining crop yield.  
 
Three European spring barley varieties were subjected to heat stress conditions at 
two important stages in their reproductive development (meiosis and mitosis). A 
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short period of heat stress during early development (meiosis) led to significantly 
smaller and deformed anthers (section 4.4.1). Severe deficiencies in anther 
development are likely to be the leading cause of sterility due to high temperature 
stress, which was illustrated by the deformed and sterile pollen found in the heat 
stressed anthers (section 4.4.3). The septa in the heat stressed anthers was 
prematurely broken, whilst those in the control anthers were still closed. This 
suggests a more rapid developmental progression in the heat stressed lines and/or a 
change in the physical properties of the anther walls. The locule walls and cavities 
seemed less developed in the heat stressed anthers, which might be another reason 
why the pollen grains did not develop correctly. The premature breaking of the septa 
identified in heat-stressed barley might also be attributed to the fragility of the anther 
walls, as we can see some degeneration of anther wall layers in the immunolabelled 
images from RGT Planet, which corresponds to the types of anther deficiencies 
described by Saini et al. (1984). The immunohistology and previous research shows 
that the cell walls in the anthers, specifically the tapetum, are very vulnerable to heat 
stress. The developmental program of the tapetum has been shown to be disrupted by 
abiotic stress (Parish et al., 2012). Tapetal degradation in the anthers failed to occur 
after exposure to high temperatures in rice (Endo et al., 2009). In barley, the 
progression of anther development to the meiotic prophase was accelerated in the 
pollen mother cells. Other responses to high temperature conditions included 
premature degeneration of tapetum cells, cell-proliferation arrest and increased 
vacuolization in developing anther cells (Oshino et al., 2007). 
Pollen development was also severely affected by heat stress during both meiosis 
and mitosis. However some pollen is still formed in a few heat-stressed florets and 
some may be viable. In tomato and sorghum, high temperatures have been shown to 
prevent transient increase in starch concentration in pollen grains which led to 
decreases in the concentrations of soluble sugars in the anther walls and the pollen 
grains, which might lead to decreased pollen viability (Jain et al., 2007; Pressman et 
al., 2002). In barley, grains from heat stressed plants accumulated less starch than 
grains from control plants due to reduced conversion of sucrose to starch (Wallwork 
et al., 1998). This is most likely due to heat stress having a negative effect on the 
activities of enzymes involved in the sucrose-to-starch metabolism in cereals (Duke 




The carpels in the three varieties were bigger and the ovules appeared to have 
developed faster after heat stress treatment than in the plants in control conditions 
(Section 4.4.2). This suggests that in these three varieties the female reproductive 
organs are not as severely impacted by heat stress as the anthers at the two 
vulnerable developmental stages examined here. The larger size of the carpels could 
be due to swelling of unfertilized ovaries resulting in a second opening to promote 
cross-pollination (Okada et al., 2018). It has been shown that both pre- and post-
fertilisation stages of ovary development are sensitive to stress, but this varies 
depending on the species and genotype (Bac-Molenaar et al., 2015b; Onyemaobi et 
al., 2017; Sun et al., 2004; Zinn et al., 2010). In wheat, disrupted nucellus and 
integument development was observed after severe heat stress treatment and 30% 
showed complete ovule abortion (Saini et al., 1983). The nucellar cells of 
Moonshine, RGT Planet and particularly Optic, appeared to be somewhat 
disorganised and enlarged after heat stress compared to controls. However, in all 
three varieties, similar immunolabelling patterns for de-esterified pectin were 
observed around what appeared to be an intact embryo sac. The multi-layered 
nucellus might be one of the reasons the developmental program of the ovule is more 
robust than that of the anther (Wilkinson et al., 2018).  
 
In control conditions Optic showed variable fertility, but this variety seemed to be 
most vulnerable to prolonged heat stress during mitosis than the other varieties, as 
shown by the high percentage of sterile seeds. When compared to the control 
conditions, Moonshine seemed to perform best at both stages and in control 
conditions it also produced significantly better results than Optic. RGT Planet had 
the best yield of all three varieties, which supports its reputation as the joint best 
yielding fully approved malting variety grown today. Moonshine was introduced to 
the malting and brewing community in 2011, outcompeting previously approved 
varieties in terms of yield and grain quality. It also matured earlier than previously 
approved varieties at the time (Scotsman, 2011). This early maturation might be one 




Further investigation is needed to confirm the reasons for the differences in heat 
stress sensitivity between the three varieties, but these could be due to a difference in 
genetic composition or stress response factors, which may be the consequence of 
altered gene expression leading to differential resilience or alternatively altered 

































Figure 5.1 Hypothetical ABCDE model in barley based on expression analysis, hierarchical 
clustering and functional analysis of the B-class genes. 
A hypothetical ABCDE model is proposed for the four whorls of the floret in barley. The A-class proteins 
HvBM15 and HvBM14 (yellow) are involved in determining the palea and the lemma together with the E-
class protein HvBM1 (blue). Expression of HvBM14 was detected in carpel tissue at stage LFE2, which is 
most likely due to lodicule tissue being present. It is therefore likely that HvBM14, together with the B-
class proteins HvBM2 and HvBM4 (red) and the E-class proteins HvBM1 and HvBM7. Only high 
expression of HvBM2 was detected in the stamens, but phenotypes of the pUBI:HvBM4-SRDX suggest that 
HvBM4 also plays a significant role in stamens development. No high expression of a C-class gene (green) 
was detected, but based on the hypothetical models of closely related species and Arabidopsis, we can’t 
rule out the involvement of a C-class protein in stamens development. The only E-class gene showing 
expression in the stamens is HvBM7 and it is therefore likely it plays a role in stamens development. Carpel 
development is likely controlled by the C-class protein HvBM58, the E-class proteins HvBM1, HvBM7 
and HvBM8 and the AGL6-like protein HvBM6. Due to the carpel phenotype found in transformants 
expressing the pUBI:HvBM2-SRDX construct and the expression of HvBM2 found in carpel tissue at stage 
36, it is possible that HvBM2 also plays a role in carpel development. The Bsister-like genes had only very 
low expression in the carpel tissue, indicating that they might not be as important for ovule development as 
has been proposed in other hypothetical ABCDE models. Both the D-class proteins HvBM13 and HvBM21 




5.5 Conclusions and future work 
To understand the function of MADS-box genes in abiotic stress tolerance in barley, 
expression analysis of these genes after different heat treatments and in tolerant and 
susceptible varieties needs to be carried out. If the ABCDE MADS-box genes are 
involved in abiotic stress tolerance, quantitative real-time PCR could show 
differential expression of these genes after stress treatments and could highlight 
differences between tolerant and susceptible varieties.  
 
To further investigate the ABCDE model in barley several experiments involving the 
different genes in all the classes could be carried out. More protein-protein 
interaction experiments with all the ABCDE MADS-box genes could lead to a better 
understanding of the floral quartets functioning in floral organ development in 
barley.  
Functional analysis of the other ABCDE MADS-box genes will further expand an 
accurate ABCDE model in barley and in grasses in general. With the emergence of 
the CRISPR/Cas9 system, making targeted knock-out mutants has been made more 
accessible. The CRISPR/Cas9 system has been used successfully in barley and could 
now be used for the functional analysis of the MADS-box genes (Lawrenson et al., 
2015). The CRES-T dominant repression system used in this thesis has the 
advantage of relatively easy constructs and showing phenotypes in the first 
generation of transformed plants due to the overexpression of the construct. 
However, the system has limitation. Transformed plants with low expression of the 
construct will show no phenotype or only a minor phenotype. Varying expression 
levels of the construct also contribute to a wide variety of phenotypes, as has been 
shown in this thesis. Reversing the role of a transcription factor from activator to 
repressor can also not be seen as a complete loss-of-function, even though it has 
been described as such before (Hiratsu et al., 2003). It has been shown that the C-
domain of MADS-box genes is important in mediating both activation and 
repression of target genes dependent on the interaction partners and the complexes 
formed (Cho et al., 1999; Gioppato and Dornelas, 2019; Sridhar et al., 2006). 
Although the CRISPR/Cas9 is more labour intensive due to designing and testing 
working targets and the genotyping of the transformed lines, the insertions or 




Future work for the B-class SRDX lines includes sectioning of the florets expressing 
the SRDX constructs and exhibiting a phenotype. The cell types found in floral 
organs that have changed morphological structure could provide more certainty 
about the new identity of these whorls and indicate which genes might have taken 
over in the absence of a well-functioning B-class gene. Overexpression of the B-
class genes might yield phenotypes that complement the phenotypes observed in the 
SRDX transformants, further solidifying their role in floral organ development. 
Crosses of SRDX transformants expressing the pUBI:HvBM4-
SRDX/pUBI:HvBM16-SRDX constructs with transformants expressing the 
pUBI:HvBM2-SRDX construct might lead to triple B-class SRDX lines, which might 
give an indication of the role of all B-class genes together in the ABCDE model. 
 
With a combination of the tissue-specific expression patterns in different 
developmental stages, hierarchical clustering analysis and functional analysis of the 
B-class genes presented here a hypothetical model of the barley ABCDE model for 
the four floral organ whorls can be proposed (Figure 5.1). The A-class proteins 
HvBM15 and HvBM14 are involved in determining the palea and the lemma 
together with the E-class protein HvBM1. Expression of HvBM14 was detected in 
carpel tissue at stage LFE2, which is most likely due to lodicule tissue being present. 
It is therefore likely that HvBM14, together with the B-class proteins HvBM2 and 
HvBM4 and the E-class proteins HvBM1 and HvBM7. Only high expression of 
HvBM2 was detected in the stamens, but phenotypes of the pUBI:HvBM4-SRDX 
suggest that HvBM4 also plays a significant role in stamens development. No high 
expression of a C-class gene was detected, but based on the hypothetical models of 
closely related species and Arabidopsis, we can’t rule out the involvement of a C-
class protein in stamens development. The only E-class gene showing expression in 
the stamens is HvBM7 and it is therefore likely it plays a role in stamens 
development. Carpel development is likely controlled by the C-class protein 
HvBM58, the E-class proteins HvBM1, HvBM7 and HvBM8 and the AGL6-like 
protein HvBM6. Due to the carpel phenotype found in transformants expressing the 
pUBI:HvBM2-SRDX construct and the expression of HvBM2 found in carpel tissue 
at stage 36, it is possible that HvBM2 also plays a role in carpel development. The 
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Bsister-like genes had only very low expression in the carpel tissue, indicating that 
they might not be as important for ovule development as has been proposed in other 
hypothetical ABCDE models. Both the D-class proteins HvBM13 and HvBM21 and 
the AGL6-like protein HvBM6 seems to play a role in ovule development.  
Protein-protein interaction analysis could help determine the validity of the 
complexes presented in the model. Functional analysis of the other ABCDE MADS-
box genes through CRISPR/Cas9 mutation or with the use of the SRDX repression 
domain can further verify the functions proposed in the hypothetical model. 
 
To further understand the underlying genetic pathways controlling floral organ 
development, the target genes of the different ABCDE-model MADS-box genes 
could be investigated by using for example RNAseq analysis of ABCDE knock-out 
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